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TO TH€ FACULTV 


It has been twenty years since the first edition of this work was begun at Queens College. Since 
that time, it has been in print and was in use at numerous institutions. Our goal, now as then, has 
been to produce a student-oriented text that would introduce the main aspects of modern organic 
chemistry in a clear and thorough fashion. Our teaching experience has alerted us to the topics 
and the concepts that prove most difficult for many students. We felt that some of the novel 
approaches that have worked in our lectures would also work in a textual presentation. Some of 
the ideas we had at the beginning remain unchanged. Others have been refined and improved 
through experience using them, and others have been discarded. Overall, the original concepts 
have matured from a primitive draft to the current state. 

Some features of the text should be noted. 

The text uses what is commonly referred to as a "functional group approach" to organic 
chemistry. This is a deliberate choice, as opposed to the “reaction type approach.” For an estab- 
lished organic chemist, the "reaction type approach" might make more intellectual sense, 
grouping reactions according to their mechanistic type rather than by conversion of a particular 
functional group. Unfortunately, beginning students of organic chemistry, by definition, are not 
established organic chemists. The “reaction type approach" requires them to see a broad scope 
for which they are not yet prepared. Thus, our text is “student-oriented” rather than “instructor- 
oriented" with the hope that students will eventually be able to see the grand scheme of organic 
chemistry. 

It is most critical that students become adept in actually doing the things that are discussed 
in the organic chemistry course. By this we do not mean the laboratory (which is quite impor- 
tant in its own right), but it actually doing the problems, drawing the structures, and elucidating 
the mechanisms, rather than simply seeing someone else, the instructor or the text authors, do it 
for them. Participation is necessary for real learning. The students must actually do the problems 
themselves, possibly with hints from their instructors and classmates, rather than simply look- 
ing to someone to provide an “answer.” Learning organic chemistry means knowing how to 
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solve, and being able to solve the problems, not simply knowing where in a text to look up 
answers to canned problems. 

It is crucial that students quickly become adept at drawing Lewis structures, understand the 
use of resonance-contributing forms, learn to assign formal charges accurately, understand the 
hybridization model, and understand the basic concepts of molecular orbital theory. Therefore, 
we give a thorough systematic treatment of these topics early in the text and provide constant 
reinforcement in later chapters. We also introduce the useful curved-arrow formalism at an early 
stage and continue to use it throughout. 

Problem solving is the key to success in organic chemistry courses; thus it is essential that a 
text offer a wide selection of problems of different types. We have given much thought to the 
selection of good problems. A large number of problems are included in the main part of the text 
and at the end of each chapter. Practice examinations are also given so the student can time their 
performance in the solving of problems. The problems vary in difficulty, and many of them 
require students to review study material from earlier in the course. Note that the problems are 
all “problem” problems, often requiring written explanations. It is our view that this is a real- 
world situation with regard to learning organic chemistry. There are no “multiple guess" or 
"true-false" questions. Rarely is one presented with a problem and alternative answers from 
which a correct one need be chosen; one is given a problem and must devise the solution without 
someone else providing the correct and several wrong answers. 

We begin our treatment of alcohols in Chapter 5. We feel that alcohol chemistry offers much 
appeal as a way of introducing students to organic reactions. For example, many aspects of 
alcohol chemistry can be related to topics that students learn about in their introductory chem- 
istry courses, including acid-base chemistry, redox chemistry, and the importance of hydrogen 
bonding. Also, of course, alcohols are among the most important of organic compounds—they 
play such a central role in organic chemistry that an early emphasis on their chemistry is 
certainly appropriate. We use the reactions of alcohols to introduce mechanistic principles and 
to acquaint students with nucleophiles, leaving groups, carbocations, and oxonium ions. Many 
ideas first introduced in the context of alcohols are then reemphasized in different contexts in 
subsequent chapters. An additional advantage of introducing alcohols early is that laboratory 
experiments based on alcohols can be initiated early in the first semester. 

Stereochemistry is often the hardest topic for students. It is therefore crucial that students be 
given clear instructions so that they can master the basic skills needed to manipulate stereo- 
chemical drawings, assign configurations, and predict the products of stereospecific reactions. 
We therefore emphasize these basics in Chapter 8. We give detailed explanations of how to work 
with molecular models (and include some problems for students to solve), as well as to be able 
to work with the different types of stereochemical projections. We also use analogies to help 
students envisage some of the more difficult aspects of the topic. 

Applications of molecular orbital theory often seem obscure to students (and some instruc- 
tors), so we have made a great effort to present this material in a novel and clear fashion. (Don't 
make it harder than it is!). The fundamental concepts of molecular orbitals, and the development 
of the ideas of HOMO and LUMO for understanding the nature of reactions provides an alter- 
native, and quite often very clarifying, mode to come to understand the what and how of organic 
chemical reactions. We introduce a simple pictorial method of understanding molecular orbitals 
which minimizes the “math-phobia” generally associated with molecular orbital concepts. 

We have introduced numerous applications of organic chemistry to other associated areas of 
science and general life. The students should be encouraged not to skip over these "extras" (Is 
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it going to be on the exam?) but to see the significance of the concepts of organic chemistry for 
everything around them. 

We introduce a useful concept (Reaction Maps) for helping the students learn about 
synthetic strategy design. Students should be encouraged to develop their own “Reaction Maps" 
for the understanding of multi-stage synthetic procedures. Students should not be presented with 
completed reaction maps from which to study. There is an extra learning process that is involved 
in developing their own organization rather than simply taking something that is given to them. 

Overall, the student must be made aware that, while it does not require genius to be a suc- 
cess at organic chemistry, it does require hard work. Further, the thinking processes that are 
developed in organic chemistry, particularly with thinking about organic reaction mechanisms 
and how they are determined, is most valuable in a wide range of disciplines, even far from 
experimental science, for the development of clear analytical and developmental thinking. 

In the initial edition, published in a classical textbook manner, we introduced numerous 
"radical" aspects to undergraduate organic chemistry. It is, in some sense, heartening to see that 
many of these have become commonplace in the teaching of organic chemistry today. With this 
new format we provide further “radical” aspects to the concept of an organic text, depending on 
the use of computer technology for the presentation of material. Students can quickly refer to 
other parts of the text, either by embedded links, or by using the search capacities of the com- 
puter, to gain reference and refreshment of memory for the solution of problems. Again, using 
the available computer techniques, they can toggle between questions, reference points, and 
answers quickly to assit their studying. Organic chemistry (and its teaching) is not about 
computer techniques, and many of the attempts to incorporate computer use into teaching 
organic chemistry provide more difficulties than solutions, and we have attempted to avoid such 
difficulties here. Nonetheless, computer technology can be useful as a tool for learning. 
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(a) See the above “To the Faculty" 
(b) Start working! 
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INTRODUCTION 


I.3 ORIGINS AND HISTORY OF ORGANIC CHEMISTRY 


The study of chemistry as a scientific discipline began in Europe during the seventeenth and 
eighteenth centuries. Pioneering work by scientists such as Boyle, Cavendish, Priestley, and 
Lavoisier led to new insights into chemical phenomena. Their efforts sowed the seeds for 
Dalton's development of atomic theory in the first decade of the nineteenth century. 

Of necessity, most early scientific inquiry involved studies of substances that were plentiful 
and easily isolated from the environment. These materials included water, the atmospheric 
gases, some minerals and salts, and substances isolated from biological materials. Some of these 
substances were known to be present both in living organisms and in materials generally not 
described as living. Of particular interest, however, were substances found only in living organ- 
isms. These substances were classified as organic to distinguish them from inorganic substances 
(those found in, or derived from non-living materials). 

Careful investigations of organic materials uncovered a further common characteristic. Antoine 
Lavoisier, a French chemist, discovered quite early that all organic materials were composed of 
carbon in combination with other elements. The other elements present are most often hydrogen, 
oxygen, and nitrogen, although other elements are also found in some organic materials. 

It was widely believed by these early scientists that organic substances could be generated 
only within living organisms. Even as late as 1820, all attempts to synthesize organic materials 
from inorganic substances had failed. These fruitless attempts indirectly supported the notion of 
the time that a vital force, supposedly present only in living organisms, was required for the gen- 
eration of organic materials. 

By the mid-nineteenth century, however, it had become clear that the vital force concept 
was incorrect. In 1828 Friedrich Wóhler succeeded in using an inorganic substance, ammo- 
nium cyanate, to synthesize urea, an organic material previously found only as a constituent of 
urine. 


xix 


xx INTRODUCTION 


O 
и heat | 
НМ OCN T С 
оч 
H,N NH, 
ammonium cyanate urea 


Soon afterwards, Hermann Kolbe accomplished the synthesis of acetic acid from elemental 
sources. Acetic acid had previously been isolated only from materials of biological origin. After 
exposure to the atmosphere, fermented fruit juices (i.e., wines) were found to produce vinegar, 
from which pure acetic acid could be isolated. (Acetic acid is the component of vinegar that 
gives it its characteristic odor and taste.) 


acetic acid 


Soon chemists began achieving remarkable success in the new art of synthesis of organic 
compounds. In 1856, at the age of 18, William Henry Perkin synthesized the dye aniline purple 
(mauveine) from coal tar. Coal and related products of biological decay have since proven to be 
rich sources of carbon-containing materials for organic syntheses. Within a year the new dye was 
marketed. For the first time, a development in an organic chemistry laboratory had led to the 
establishment of a new industry, the coal tar-derived dye industry. 

In 1895 another landmark in the growth of applied chemistry was established at the Baeyer 
company in Germany. Salicylic acid, which can be isolated from the bark of willow trees, was 
known to be an analgesic. Willow bark had been chewed for the relief of minor pain since the time 
of the ancient Romans. Baeyer prepared aspirin (acetylsalicylic acid) from the natural salicylic 
acid, and the laboratory-produced derivative proved to be superior to the biologically occurring 
substance because its use involved less irritation to the stomach while still providing the analgesic 
effect. Baeyer’s enormous success with aspirin spawned the pharmaceutical industry. 
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The source of most starting materials for laboratory-generated organic compounds has been 
and continues to be biologically derived materials. The main reason for this is the sheer abun- 
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dance of carbon compounds present in living organisms and substances derived from them. 
Included, of course, are the petrochemicals derived from biological materials decaying over eons. 
With the drilling of the first oil wells in 1859 in Pennsylvania, a cheap and abundant source of 
carbon-containing compounds became available. Today, the petrochemical industry supplies 
organic compounds from this biologically derived source for the manufacture of substances, 
including dyes, pharmaceuticals, explosives, plastics, fibers, fuels, and agricultural chemicals. 

Organic compounds are, of course, the "stuff of life,’ the foundation materials of biological 
organisms, and advances in organic chemistry have had a profound effect in increasing our 
understanding of heredity, nutrition, disease, and other physiological phenomena. 

In the early days of organic chemistry, progress was slow in these areas because of the inher- 
ent complexity of most of the organic compounds that are involved in biological processes. Until 
quite recently, analytical and structural determinations of complex, biologically important sub- 
stances were seriously hindered by a lack of adequate techniques. However, spectacular 
advances have now been made into the structure and function of proteins, carbohydrates, phar- 
maceuticals, vitamins, and other biologically important molecules. Furthermore, a chemical 
basis for heredity has been established, and it has become possible to modify structurally the 
nucleic acids responsible for carrying the genetic information. Organisms can thus be repro- 
grammed to produce new and useful chemicals, and it is even possible to generate new 
organisms through this genetic engineering. These techniques open entire new vistas for scien- 
tific study. Indeed, a new high-tech industry based on genetic engineering is asserting itself. 

The early vital force concept was doomed to be replaced by an understanding of organic 
materials on a chemical basis. Fundamental to this understanding was the recognition that organic 
compounds contain carbon as a fundamental consituent and exhibit characteristic chemical reac- 
tions. Organic chemistry is in fact now defined as the chemistry of carbon compounds, rather than 
the chemistry of compounds derived from living organisms. This modified definition is sensible 
because it includes the chemistry of compounds structurally and chemically related to those from 
biological systems; many of these compounds do not actually exist anywhere in the plant or ani- 
mal realms. The underlying chemistry of biologically derived and laboratory derived carbon 
compounds is the same. The chemical and physical properties of a compound of a particular 
structure are identical whether that material is generated in a living bush or a glass laboratory 
flask. Pure vitamin C isolated from an orange is indistinguishable from pure vitamin C synthe- 
sized in glassware in the laboratory. No scientific purpose is served by making an artificial 
distinction of the two sources. 


I.2 ORGANIC COMPOUNDS AS THE BASIS OF LIFE 


Having noted that organic chemistry had its origins in the study of biological systems, we might 
ask why biological processes are based on the chemistry of carbon rather than on some other 
element. At the risk of oversimplification, the answer would seem to be found in a few main 
issues. Probably most significant is the unique ability of carbon to form long, stable sequences 
of covalent bonds to other carbon atoms. This characteristic of carbon allows the formation of 
large, highly complex molecules that are capable of innumerable highly specific interactions 
with each other. Since any carbon atom in a neutral, stable (isolable, unreactive) molecule must 
form a total of four bonds, there is a wide scope for structural variation in these large molecules, 
depending on the other atoms or groups of atoms that are bonded to the carbon atoms. 
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Biological organisms generate a vast number of compounds that participate in a wide variety 
of complicated processes. From the tremendous variety of possible carbon compounds, biolog- 
ical organisms utilized those with suitable properties for each task. Thus, in order to sustain 
itself, a living organism must constantly generate the specific carbon compounds it needs but can 
not get readily from outside sources. 

Plant and animal species circulate a delicately balanced mix of the proper carbon compounds 
needed for their continued existence. Plants utilize carbon dioxide as a carbon source and con- 
vert it into more complex molecules. Many of the biological organic syntheses involved in this 
process have been well studied and are now reasonably understood on a chemical basis. Animals 
obtain their carbon starting materials by the consumption of plants or other animals that are plant 
eaters. Life requires a wide variety of chemical compounds. Carbon provides this variety as no 
other element can. 


I.3 STRUCTURE AND SCOPE OF THE SCIENCE OF 
ORGANIC CHEMISTRY 


During the nineteenth century a fundamental order was brought to the new science of organic 
chemistry. It was recognized that compounds exhibiting similar characteristics have similar 
arrangements of atoms, so compounds were classified on the basis of their structural features. 
This classification by functional group persists today because of its general utility, and our study 
of organic chemistry is organized on the basis of functional group. 

It is clear from these few examples that organic chemistry is a broad scientific field. It 
involves basic studies of the structure and reactivity of carbon compounds. In addition to the elu- 
cidation of the structures of biologically derived materials and the study of their role in 
biological processes, organic chemistry is concerned with the development of a wide variety of 
synthetic substances. 

Much remains today to be done with organic chemistry, in regard to both biological and non- 
biological endeavors. What can be done with organic chemistry is limited only by our 
imagination. Perhaps today’s organic chemistry student will determine the chemical basis of 
memory, or develop methods to remedy genetic diseases. Current students of the science may 
participate in the development of molecular-sized electronic components or organic materials 
that will conduct electricity as well as (or better than) copper. Some organic chemists will be 
concerned with the theoretical aspects of the science rather than the laboratory work. We can 
anticipate fundamental breakthroughs that will affect the way we may view many aspects of the 
discipline. 

The aim of this text is to prepare you for these or other new adventures in organic chemistry 
by presenting the fundamentals of the subject in a systematic, clear, and reasoned fashion. 


BONDING IN ORGANIC 
COMPOUNDS 


1.1 INTRODUCTION 


In this chapter we begin to address an issue of fundamental importance for all of organic 
chemistry: the structures of organic molecules. What exactly is meant by this term structure 
when applied to a molecule? A partial answer is that it refers to the arrangement in space of the 
atoms and bonds making up the molecule. Chemists normally represent structures with drawings. 
When doing so, they follow various conventions for depicting atoms, their arrangement in space, 
and the bonded interactions among them. Molecular model sets of various kinds are also used to 
visualize the structures of molecules. In the opening chapters we will introduce some of the basic 
ideas and conventions to be followed throughout this work. 

Organic chemists spend much of their time striving to understand as fully as possible the 
many aspects of molecular structure. Organic chemists have learned to use such knowledge to 
understand and even predict chemical, physical, and biological properties. Finding or deducing 
the structure of a substance requires elucidating the identity of the atoms present in a molecule 
of the substance, and determining the sequence or arrangement of these atoms. This information 
is obtained from experimental probes of structure. Spectroscopic methods that rely on the 
absorption of light or other electromagnetic radiation by the compound are particularly useful. 
We will describe many of these methods as we proceed through this presentation. Often, organic 
chemists, faced with a new material for which the structure needs to be determined, will rely on 
both spectroscopic techniques and traditional “wet” chemical analyses. 

Once the gross arrangement of atoms in a molecule has been determined, we need to fine- 
tune our knowledge. We might wish to know about details of the structure, such as bond lengths 
(the distances between bonded atoms). Or, we might wish to know about bond angles (the angle 
made by a pair of bonds to the same atom), or even the stability of the structure relative to other 
structures we know. Many of these questions are intimately related to knowledge of the bond- 
ing within the molecule. In order to understand bonding, we need to combine fundamental 
theories or models of chemical bonding with experimental data. A fruitful place for us to begin 
is by considering various aspects of chemical bonding. 
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1.2 THE CHEMICAL BOND 


We say that a chemical bond is present between a pair of atoms when they take up positions 
close to one another because of a mutual attraction. Whenever bonding occurs, there is some 
particular distance between the atoms at which the atoms associate more strongly than at any 
other distance. At this separation the energy of the system is at a relative minimum. Energy 
would need to be supplied to the system to separate the two bonded partners. Consider two 
examples, one that involves two atoms that are bound chemically, and another involving two 
atoms that are not so bound. 

Consider two protons. Recall that a proton is a fundamental atomic particle having a positive 
electrical charge. A proton is also the nucleus of a hydrogen atom. When the two protons are far 
apart there is a very small repulsive interaction between them as a result of electrostatics. (Like 
charges repel each other.) If we wish to have these two protons approach each other, we find that 
it is necessary to provide energy—we need to push them together. The closer we wish them to 
be the greater the amount of energy we need to provide to them (Figure 1.1). This energy is 
needed to overcome the natural tendency of the two protons to repel one another and push apart. 
There is no bond between the two protons. They mutually repel at all distances of separation. 

Now consider a pair of hydrogen atoms. Each hydrogen atom has a proton as its nucleus and 
an electron situated outside the nucleus. Imagine now the hydrogen atoms coming closer and 
closer together. In terms of energy, we see something quite different (Figure 1.2) from what we 


Energy Distance 


Ғісиве 1.1 Relative energy associated with a pair of protons as a function of the 
internuclear distance. As the protons approach, greater energy is required to 
keep them from moving apart. They repel each other. 
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just described for the approach of two protons. First, the hydrogen atoms increasingly attract 
each other as the distance between them decreases. In consequence, the energy of the two-atom 
system steadily decreases to a minimum (and the stability increases to a maximum). This energy 
minimum occurs when the hydrogen atoms are separated by a distance of 0.74 angstrom 
(1 angstrom = 10-10 m). However, at shorter distances the energy again rises. We would need to 
push the hydrogen atoms together if we wish them to be closer than 0.74 angstrom, as illustrated 
in Figure 1.2. We see that over some range of distances the hydrogen atoms tend to stick 
together, that is, they form a bond. At 0.74 angstrom distance the hydrogen atoms have no 
tendency to push apart or to move closer together. We say that the hydrogen atoms are separated 
at their equilibrium bonding distance. (Actually, the two hydrogen atoms in a hydrogen 
molecule do not remain exactly 0.74 angstrom apart. They vibrate about this distance, 
sometimes being slightly closer together and sometimes being slightly farther apart. All atoms 
in bonds behave this way; see Chapter 17 for more detail.) 

Whenever we speak of bonds of any type in chemistry, we always recognize that the distance 
between the bonded atoms corresponds to an energy minimum. For an energy minimum to exist 
the bonded partners must exert both attractive and repulsive forces on each other. If the 
force were attractive only, they would coalesce into a single particle, and if the force were repul- 
sive only, they would fly apart. At the equilibrium bonding distance, the repulsive and attractive 
forces just balance. 


Energy Distance 


10.74 angstrom 


Figure 1.2 Relative energy associated with a pair of hydrogen atoms as they approach 
from a large distance. A relative energy minimum occurs when they are 0.74 
Angstrom apart. This energy represents a bond between them. 
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All types of chemical bonds are electrostatic in nature. That is, they depend on the attraction 
of positively and negatively charged entities. In a hydrogen molecule the attractive forces are the 
electrostatic interactions between the positively charged nuclei and the negatively charged elec- 
trons. The repulsive forces, again electrostatic, are those between particles of like charge, that 
is, proton-proton and electron-electron interactions. 

Although all chemical bonds do have a common origin, it is convenient to divide bond types 
into various subgroups. Bonds that exist between atoms within a given molecule or formula unit 
are known as intramolecular bonds and are classified as either covalent or ionic. Bonds that exist 
between a pair of atoms belonging to different molecules are said to be intermolecular. 
Intermolecular bonds are generally weaker then ionic or covalent bonds but are nevertheless 
important for a number of reasons. In this opening chapter we will focus on ionic and covalent 
bonds, giving special attention to the latter type because covalent bonds are much more common 
than ionic bonds in organic substances. A little later, in Chapter 3, we will discuss intermolecular 
bonds, which can also be subdivided into various types: dipole-dipole interactions, van der Waals 
forces, hydrogen bonds, and so forth. 


1.3 IONIC AND COVALENT BONDS 


The exact description of any given bond obviously requires an exact knowledge of all the 
electrostatic attractions and repulsions present. Unfortunately, our description must be a 
compromise because an extreme mathematical complexity is imposed by the number of 
charged entities present and because our knowledge about the location of electrons has an 
inherent limit imposed by the Heisenberg uncertainty principle. (Qualitatively, the Heisenberg 
uncertainty principle refers to the inability to know exactly both the momentum and position 
of a particle simultaneously. More exactly, the more accurately we know the momentum of a 
particle, the less accurately we know its position, and, the more accurately we know the 
position, the less accurately we know its momentum. Mathematically, this may be stated with 
the simple equation Ax • A(mv) = h/41.) Nevertheless, our models of bonding do provide very 
powerful ways of examining bonds. Actually, a hierarchy of bonding models exists. The 
simplest have the advantage of being easy to apply, while nevertheless giving useful informa- 
tion for a wide range of bonds. They have the disadvantage of being only qualitative and 
sometimes inaccurate. More sophisticated models are called upon when the simplest models 
cannot provide the required information. 

The simplest models of ionic and covalent 
bonding can be traced back to the pioneering 
efforts of G.N. Lewis and W. Kossel. In 1916 
these chemists made the first attempts to corre- 
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WERNER KARL HEISENBERG 


b. 1901 late bonding with the arrangement of electrons in 
1006 е species participating in bonding. They knew 
Ph.D. University of Munich that some substances, for example, sodium chlo- 

коше; ride and other salts, have very strong bonds and 
Nobel Prize (Physics) 1932 that these strong bonds, along with other proper- 


ties of salts such as electrical conduction when 
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melted or in aqueous solution, are consistent Chemical Bio gra phy 
with the presence of ions—that is, charged atoms 

or molecules. Accordingly, the ionic bond is sim- GiLBERT NEWTON LEWIS 
ply the attraction of a positive and a negative ion. ПЕ CERE NE 
The ions can be considered as forming by the d. 1946 


transfer of one or more electrons from one of the 
parent atoms to the other. For example, transfer 


Ph.D. Harvard (Richards) 1899 


of an electron from a sodium atom to a chlorine WALTHER KOSSEL 
atom produces a Ма“ ion and а СГ ion. Ionic b. 1888 
bonding is found most commonly when the part- d. 1956 


ners in the bond are a metallic and a non-metallic Ph.D. Heidelberg (Lenard) 1911 
element. The bond is the force of attraction 
between the oppositely charged chemical entities 
(ions). There is an optimal distance for the attraction; the force of attraction becomes stronger 
the closer the centers of the opposite charges approach, but as the outer electrons associated with 
each ion begin to interact, there is a force of repulsion resulting. The equilibrium distance of 
approach is the point where the forces of attraction and repulsion balance. In general, elements 
on the left side of the periodic table tend to lose electrons to form cations, while elements on the 
right side of the periodic table tend to gain electrons to form anions, as shown in the equations. 
In each instance the tendency is toward generation of a noble gas electronic configuration. 


-е 
Na’ рала Ма" 
sodium atom sodium cation 

157 257 2рб 35! 157 25° 2р® 

Cr ео, ads 

: “СІ: 
chlorine atom chloride anion 

152 252 2p? 357 3p? 157 25° 2р® 352 3p? 


Lewis and Kossel were aware that many substances (including most organic substances) are 
not ionic in nature. They proposed that the type of bonding present in these substances is of a dif- 
ferent type, known as covalent bonding, and that the covalent bond results when a pair of electrons 
is shared between two atoms. A covalent bond is represented in a structure by a line (—) or a pair 
of dots (:). For example, the hydrogen molecule described in Figure 1.2 can be represented as H-H 
or as H:H. In this simple view of the covalent bond each hydrogen atom is considered as sharing 
its electron with the other atom. Although this simple model does not specifically address the 
issues concerning the attractive and repulsive forces present with covalently bonded atoms and is 
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only qualitative, the notion that a covalent bond is an electron-pair bond is remarkably successful 
in helping us to correlate much information about bonding. The basic model also serves as a start- 
ing point for more sophisticated treatments. 


1.4 ELECTRONIC CONFIGURATION AND 
BONDING—STANDARD VALENCES 


There are important correlations between bonding capability and atomic electronic configura- 
tion. When we use the term atomic electronic configuration (the number of electrons associated 
with an atom or ion and the atomic orbitals with which each electron is associated), we are 
referring to a description of the number of electrons with an atom or ion, and an accounting of 
the atomic orbitals (spaces around the nucleus of an atom in which electrons can exist having a 
particular energy relationship with that nucleus—no more than two electrons can occupy any 
one orbital, and when two electrons do so occupy an orbital, their spins must be in opposite 
directions). To deduce the electronic configuration of an atom, we first need to know how many 
electrons are present, and then determine which orbitals the electrons occupy. The following 
rules are used in assigning electronic configurations: 


* The aufbau principle Отба are filled in order of increasing energy. That is, orbitals 
of lower energy are filled before orbitals of higher energy. The order of the energies of the 
atomic orbitals increases as follows: 


15 «2s < 2р < 3s < Зр < 45 < за < Ар < 5s < 44 < 5р 


* The Pauli exclusion principle А maximum of two electrons can occupy a single orbital. 
If two electrons do occupy a single orbital, their spins must be opposite. 


* Hund's rule When placing electrons into a set of orbitals of equal energy (for example, 
the three 2p orbitals), we add one electron to each orbital (all with the same spin) until 
each orbital of the set contains one electron, before pairing up electrons in any one 


orbital. 

Using these principles we can deduce the Chemical Biography 
electronic configuration of any atom. For 
example, consider an oxygen atom. From the FRIEDRICH HUND 
periodic table we find that the atomic number of b. 1896 
oxygen is 8. Thus, an oxygen atom has eight С 1997 
protons in its nucleus and eight electrons out- Ph.D. University of Gottingen 
side its nucleus. To assign these eight electrons (Born) 1922 
to orbitals, we follow the principles noted WOLFGANG PAULI 


above. Doing so, we deduce the electronic con- 
figuration as depicted in Figure 1.3. Usually we 
are interested in only the outer-shell electrons, 
as it is these electrons that participate in bond- 
ing. The outer-shell electrons are also known as 
the valence-shell electrons, which for oxygen 
include the 2s and 2p levels. 


b. 1900 
d. 1958 


Ph.D., U. Munich (Sommerfeld) 
1922 


Nobel Prize (Physics) 1945 
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FIGURE 1.3 А representation of the electronic configuration of an oxygen atom. In this 
type of diagram, each arrow represents an electron with a maximum of two 
electrons within an orbital. The direction of the arrows indicate a spin 
characteristic associated with each particular electron. Two electrons in the 
same orbital must have opposite spins, so they are represented by arrows 
pointing in opposite directions. We can write the electronic configuration of 
oxygen as 152/252/2р4. The second number in each set indicates the total 
number of electrons in that level. 


A most important way in which electronic configuration relates to bonding is embodied in 
the noble gas rule. This rule states that atoms forming bonds donate, receive, or share electrons 
so as to achieve the electronic configuration of a noble gas. 

Consider again an oxygen atom. An oxygen atom needs two more electrons to achieve the 
configuration of the noble gas neon. One way for this to happen is through the complete transfer 
of two electrons to the oxygen atom from one or more other atoms. When two electrons are com- 
pletely transferred to it, the oxygen atom becomes an oxide anion, О“. For example, а 
magnesium atom will transfer two electrons to oxygen. By doing so, both the magnesium atom 
and the oxygen atom achieve the configuration of a noble gas. The result is an ionic compound 
consisting of Mg?* and О> ions. 

In organic compounds covalent bonding is more common than is ionic bonding. In covalent 
bonding electrons are not completely transferred from one atom to another, but are shared 
between the atoms. The shared electrons are considered to belong to both partners in the bond, 
and we can count them as contributing toward the electronic configurations of both atoms in the 
bond. Thus, in our trivial example of H-H, the two electrons in the covalent bond are consid- 
ered as providing both hydrogen atoms with a noble gas configuration (that of helium). 

There are exceptions to the noble gas rule. Generally, however, we find that compounds con- 
taining atoms that lack a noble gas arrangement of electrons are particularly reactive. For 
example, many transient species formed in organic reactions have fewer electrons than required 
for a noble gas electronic configuration. These are species that form in the course of a reaction, 
exist for only a brief period of time, and react further to form the observed products of the 


CHAPTER 1 4 BoNDING IN ORGANIC COMPOUNDS 9 


reaction. We will have much to say about such reaction intermediates in due course, as an 
understanding of their structures and properties are crucial to a full comprehension of organic 
reactions. 

We also find that even stable compounds of boron, aluminum, and several other elements 
have incomplete noble gas electronic configurations. This characteristic is important for their 
chemistry. A number of highly useful reactions for compounds of these elements can be corre- 
lated with the lack of a complete noble gas configuration, as we will find in our later discussions. 

A noble gas configuration is often called an octet, because all of the noble gases except 
helium have eight electrons in their outermost shell. Some atoms are able to accommodate more 
than an octet of electrons in their valence shell. Sulfur and phosphorus are two important exam- 
ples for organic chemistry. However, elements in the second row of the periodic table (that is, 
Li to F) can never have more than an octet of valence level electrons. 

Although a hydrogen atom can form just one covalent bond to one other atom in a stable com- 
pound, other atoms, for example, oxygen can covalently bond simultaneously to more than one 
atom. By observing large numbers of molecules, we can make some generalizations. We find that 
atoms of most elements always form the same number of covalent bonds in stable compounds. We 
use the term valence to describe the number of bonds formed by an atom of a given element. The 
usual valences we find for atoms commonly present in organic molecules are shown in Table 1.1. 

These standard valences define the usual number of covalent bonds formed by the atoms in 
stable, neutral organic compounds. For example, oxygen forms two covalent bonds in the stable 
compound water, Н-О-Н. Each covalent bond in a water molecule consists of a shared (between 
the oxygen atom and a hydrogen atom) electron pair, one of the electrons being supplied by the 
central oxygen atom and the other by the associated hydrogen atom. 

A few simple examples are shown in Table 1.2 to illustrate these valences for the common 
elements in some covalently bonded organic compounds. A line (—) between the elemental sym- 
bols indicates a single covalent bond (a pair of shared electrons), a double line (=) represents a 
double bond (four shared electrons) and a triple line (=) represents a triple bond (six shared elec- 
trons). Structural representations like those shown in Table 1.2 are known as Lewis structures. 

Look at one of the oxygen atoms in the carbon dioxide molecule in Table 1.2. Notice that 
we show it to be involved in a double bond to the central carbon atom and also to have two 
unshared pairs of electrons, sometimes called /one-pairs, represented as pairs of dots above and 
below the O symbol for oxygen. How do we know that we should place two unshared electron 
pairs on each of the oxygen atoms of carbon dioxide, just one on the nitrogen atom of 


TABLE 1.1 Standard Valences for Common Elements in Organic Compounds—The 
standard valence is the usual number of bonds formed by the atom rather 


than the number of attached atoms or ligands. (A ligand is an attached atom 
or group of atoms.) 


Atom Standard Valence 
H 1 

O, S 2 

М 3 

(С 4 

È 355 


ІР, (CIL Tor, | 1 
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TaBLE 1.2 Examples of Valence of Atoms in Neutral, Stable Molecules—Each type of atom 


forms the indicated number of bonds: carbon, 4; hydrogen, 1; chlorine, 1; 


bromine, 1; oxygen, 2; nitrogen, 3. 


Formula Name Bonding Arrangement Significance 
CH, Methane H Major component 
H m -H of natural gas 
| 
н 
CH,Cl, Dichloromethane n Common solvent 
СІ-С-СІ 
| 
Н 
CH;N Methylamine H H Gas with an odor 
H- 1 5 _H similar to ammonia 
[v 
H 
CH;Br Bromomethane H Simplest organic 
І molecule containing 
Н-С-Вг bromine; it is а toxic 
Uu gas used as an 
agricultural pesticide 
СНО Methanol n A common solvent; 
H-C-0-H “wood alcohol” 
[oU 
H 
C,H3N Acetonitrile n A common solvent 
НЕЕ (== 
| 
H 
СН, Acetylene H—C2c-H Gas used as fuel in 
= welding 
CO, Carbon dioxide Photosynthetic precursor 
O=C=O to organic compounds in 
plants 
C,H, Ethylene H H Gas that acts as a plant 
~ = С hormone to преп fruit 
/ \ 
H H 
CHO Formaldehyde H Gas, commonly used in 
Tn = aqueous solution for 
biological storage 
CH3N Methyleneimine Reactive organic 


intermediate derived 
from formaldehyde 
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methyleneimine, three on the bromine atom of bromomethane, and none on any of the carbon 
atoms shown in Table 1.2? 

The answers to these questions again depend on an application of the noble gas rule. We 
assume that the oxygen atoms of carbon dioxide each achieve a noble gas electronic configuration 
by bonding to carbon. Thus, the electronic configuration about each oxygen atom must be like that 
of neon. That is, eight valence level electrons with each oxygen atom constitute their valence shell 
electronic configurations. We see that each oxygen atom of carbon dioxide is involved in a double 
bond. All four electrons in each double bond can count toward the noble gas configuration of each 
of the partner atoms in the bond. Thus, each oxygen atom has four valence electrons from this 
source. Four more for each oxygen atom are needed to satisfy their noble gas configurations and 
these are shown as the two unshared electron pairs with each oxygen atom. Similarly, the central 
carbon atom of carbon dioxide is shown with no unshared electron pairs (no pairs of dots near the 
C symbol), since it is forming two double bonds, and the eight electrons from these two double 
bonds constitute the needed octet. 

Although most atoms in almost all neutral organic compounds do obey the noble gas rule, 
we will conclude this section with a word of caution. There are some exceptions to the noble 
gas rule (see earlier discussion) that must be kept in mind when drawing Lewis structures. 
Sometimes there are insufficient electrons to give every atom a noble gas configuration. In neu- 
tral organic compounds, this electron deficiency is encountered most often in compounds 
containing boron or aluminum. Boron and aluminum atoms form three bonds in neutral com- 
pounds (accounting for six electrons), but have no unshared pair to make up a noble gas 
configuration. The most common examples of atoms having more electrons than are required to 
make up a noble gas configuration occur in some sulfur and phosphorus compounds. We will 
have more to say about these exceptions later. 

For stable ions we find valences that are different from those in neutral molecules. Some 
examples of ions containing nitrogen or oxygen are shown in Figure 1.4. 


H— О: hydroxide ion, as in sodium hydroxide, МаОН 
H 
| + hydronium ion, as in the solution of an acid 
H pU (such as НСІ) in water 
H Е 
H—N—H ammonium ion, as in ammonium chloride, NH4CI 
| 
H 


H—N—H amide ion, as in sodium amide, NaNH; 


Figure 1.4 Structures for some common ions. Notice that oxygen has a valence of one in 
negative ions and three in positive ions, while nitrogen has a valence of four 
in positive ions and two in negative ions. 
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Occasionally we find that even stable molecules may contain atoms with unusual valences. 
For example, carbon and oxygen both form three bonds to each other in carbon monoxide (1.1). 
Also, in the neutral molecule nitromethane (1.2) (a laboratory solvent and racing fuel), we write 
a structure with four bonds to nitrogen and only one to one of the two oxygen atoms. As in the 
structures in Figure 1.4, we place a positive charge on the nitrogen atom with four bonds, and a 
negative charge on the oxygen with only one bond. 


H :0: 
| + 2 
н-с- М 
m. s UE | о: 
:С= О: Н te 
carbon monoxide nitromethane 
1.1 1.2 


FORMAL CHARGES 


The charges indicated in structures 1.1 and 1.2 and those in Figure 1.4 are known as formal 
charges. How would you know whether a given structure had any formal charges? As we just 
noted, one guideline is the presence of an unusual number of bonds to a given atom. There is, 
however, a simple bookkeeping method that allows us to calculate formal charges in a straight- 
forward manner. 

First, we can define formal charge in terms of the difference between the number of valence 
electrons owned by an atom when free and the number owned when it is part of a molecule or 
ion. In deciding ownership of electrons in molecules or ions, we count any unshared valence 
level electrons as belonging solely to the parent atom, and we evenly distribute any electrons in 
bonds between the two atoms forming the bonds. To calculate the formal charge associated with 
a given atom in a Lewis structure, we subtract from the number of valence electrons in the free 
atom the number of its unshared electrons and the number of bonds it forms. Thus, formal 
charges for atoms in molecules or ions can be calculated using Equation 1.1 

This calculation is illustrated in Figure 1.5 for the carbon monoxide molecule. 


Formal charge = (number of valence shell electrons for the atom 
when isolated, i.e. not part of a molecule) 


—(number of bonds it shares in the compound) 


—(number of unshared valence electrons it has 
in the compound) (Eq. 1.1) 


А SYSTEMATIC METHOD FOR DRAWING LEWIS STRUCTURES 


For most molecules it is possible to arrive at a correct Lewis structure by using the standard 
valences given above. However, there is an obvious need for a systematic method for construct- 
ing Lewis structures that works whether or not the atoms form their usual number of bonds. Here 
we outline a five-step procedure and then illustrate it by working out the Lewis structure of 
carbon monoxide. 
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Carbon Atom Oxygen Atom 
Number of valence electrons Number of valence electrons 
in an isolated carbon atom 4 in an isolated oxygen atom 6 
oxygen 
— Number of bonds to carbon atom 3| carbon — Number of bonds to oxygen atom 3 а 
"owns" : 
: five 
five 
valence ушеш 
— Number of unshared electrons оп 2| electrons - Number of unshared electrons on 2 electrons 
carbon in CO oxygen in CO 
Formal charge on С -1 Formal charge оп О +1 


Figure 1.5 Calculation of formal charges іп the carbon monoxide molecule. The molecule 
has a formal charge of —1 on the carbon atom and of +1 on the oxygen atom. 


PROCEDURE 


1. Calculate the total number of valence level electrons in the molecule by adding the 
contribution from each atom. The number of valence electrons for each atom is given by 
the number of the element’s group in the periodic table.* In fact, you should memorize 
the number of valence electrons for all of the elements commonly found in organic 
compounds, that is, H, B, C, N, O, P, S, and the halogens. 


2. For ions, add one electron to the total for each negative charge; subtract one for each 
positive charge. 


3. Each pair of atoms must be connected by at least a single bond, which requires one pair 
of electrons. Accordingly, first construct a partial structure showing single bonds 
between all connected pairs of atoms. Then, calculate the remaining number of valence 
electrons still to be placed. 


4. Determine the total number of electrons by which the atoms in the partial structure are 
short of noble gas configurations. The difference between this total and the actual num- 
ber of electrons remaining to be placed (from Step 3) gives the number of electrons that 
must be placed in additional (i.e., additional to those already placed in the partial struc- 
ture) covalent bonds. Placement of additional bonds will of course result in multiple 
(double or triple) bonds in the structure. 


5. Draw a structure with the appropriate number of multiple bonds as calculated in Step 4 
above, and if possible, distribute the remaining electrons as unshared pairs to give all atoms 
a noble gas configuration. (Sometimes there are not enough electrons to give all atoms a 
noble gas configuration, for example, in organic boron compounds.) 


*[UPAC, the International Union of Pure and Applied Chemistry, has recommended a new periodic table in which 
the groups are numbered 1-18 right across the chart; for example, the halogens constitute group 17 in this new pres- 
entation. If you use this table, you must realize that the equivalence of the number of valence level electrons and 
group number is sometimes lost. You will need to rely on your knowledge of the electronic configurations of atoms 
to deduce the number of valence level electrons. 
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Now we will work out the Lewis structure of carbon monoxide using this approach. 


Step 1 We first calculate a total of ten valence level electrons (carbon has four valence 
level electrons and oxygen has six). 


Step 2 Carbon monoxide is uncharged, so we can proceed directly to Step 3. 


Step 3 We place a single bond between C and O and write the partial structure C:O. 
Step 3 also calls for us to calculate how many electrons still remain to be 
placed: there are eight (the ten original electrons minus the two already 
placed in the partial structure noted earlier in this step. 


Step 4 Both the carbon and oxygen atoms in the partial structure are short of octets by 
six electrons, giving a deficiency of twelve electrons. This means that four 
(12-8 = 4) must be shared between the two atoms in additional covalent bonds. 
Thus, two new covalent bonds must be placed between C and O (remember that 
each bond accounts for two electrons). Along with the bond already placed in 
the partial structure, these two new bonds give an overall total of three bonds 
between carbon and oxygen—a triple bond. 


Step 5 We are now ready to draw the complete Lewis structure: 
:С О: ог :С=оО: 


Finally, formal charges should be computed and any non-zero values indicated as shown. 


- * 
:С--О: 


Sometimes you will find that you can write more than one Lewis structure by application of 
the procedure just discussed. We will take up the significance of these alternative structures, 
which are known as resonance structures, a little later in this chapter. 


1.5 THE ARRANGEMENT OF ATOMS BOUND 
TO CARBON 


In the /ntroduction (read it now if you haven't already done so), we pointed out that organic 
chemistry is the chemistry of carbon compounds. Thus, as organic chemists, we are particularly 
interested in the bonding about carbon atoms. Here we discuss the geometrical arrangements of 
atoms covalently bonded to carbon. A covalent single bond involves sharing of a pair of elec- 
trons between carbon and the atom bound to it. Correspondingly, a covalent double bond 
involves the sharing of two pairs of electrons and a covalent triple bond involves the sharing of 
three pairs of electrons. Fundamentally, carbon in neutral stable compounds always is involved 
in four bonds. When carbon forms these four bonds to four other atoms, those atoms are located 
relative to carbon at the corners of a regular tetrahedron. When it forms those bonds to only 
three other atoms, those atoms have a trigonal planar array about carbon, and a linear array 
about carbon when formed to only two other atoms. 

In the study of molecular shapes it is helpful to use molecular models. This will become 
particularly important when we take up Stereochemical Principles in Chapter Eight. 
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CARBON BONDED то FOUR OTHER ATOMS 


Experimentally we find that a carbon atom with four bonds to four other atoms has a tetrahedral 
geometry. That is, the carbon atom is located at the center of a regular tetrahedron and the four 
bonded atoms are at the corners. A regular tetrahedron is a four-sided polyhedron in which all 
four sides are congruent equilateral triangles. (All four of the bonds are necessarily single bonds.) 

The tetrahedral bonding arrangement for methane is illustrated in Figure 1.6. Notice that a 
good perspective view of a tetrahedral arrangement of bonds is obtained by imagining the central 
atom at the center of a cube, and the four bonded atoms at four non-adjacent corners of the cube. 

The observed tetrahedral arrangement of bonds is fully consistent with predictions we would 
make using the valence shell electron pair repulsion (VSEPR) model. According to the 
VSEPR model, valence level electrons (bonding and unshared electron pairs) tend to be 
arranged about an atom as far apart as possible to minimize electrostatic repulsions. 


Ф 


m---------. 


(а) A regular tetrahedron (Б) A regular tetrahedron (c) A useful view of a tetrahedral 
with a carbon atom placed arrangements of bonds. The bonds are 
at the center and hydrogen atoms directed from the central atom to four 
at each of the corners corners of the cube. 


Ғісиве 1.6 Tetrahedral geometry of bonding about carbon when it forms bonds to four 
other atoms. In (a), the shape of a tetrahedron is shown. In (b), a carbon atom 
at the center of the tetrahedron is linked by four covalent bonds to the four 
hydrogen atoms at the four corners. In (c), another useful view is given of a 
tetrahedral arrangement of bonds about a central atom—the four bonds are 
directed from the central atom to the four indicated corners of the cube. 


H 


н 
“с 109%28: 


н 


н 


FIGURE 1.7 Tetrahedral bond angle in the methane molecule. In this figure we introduce а 
convention regarding bonds. Bonds shown as a solid wedge are imagined as 
projecting forward from the plane of the paper toward the viewer, while those 
shown as broken wedges indicate a bond going behind the plane of the paper, 
away from the viewer. 
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With regular tetrahedral geometry, the angles between any pair of carbon-hydrogen bonds in 
the methane molecule are 109°28’ (approximately 109.5°), as shown in Figure 1.7. 

Most carbon atoms bonded to four other atoms in organic compounds are characterized by a 
tetrahedral or nearly tetrahedral geometry. We do, however, sometimes encounter deviations, 
which will be discussed as needed. Several molecules from Table 1.2 are shown in Figure 1.8, 
which illustrates the tetrahedral arrangement of atoms about carbon. 


CARBON BONDED TO THREE OTHER ATOMS 


When a carbon atom is bonded to three other atoms with four bonds, the connection to one of 
the other atoms necessarily involves a double bond. In this situation the VSEPR model suggests 
a different geometry (trigonal planar geometry)—one in which the carbon and the atoms 
directly attached to it all lie in the same plane. The bond angles are 120° (or close to it). The 
experimentally determined geometries of such molecules match this description quite closely. 
The geometries of two such molecules from Table 1.2 are shown in Figure 1.9. 


CARBON BONDED то Тшо OTHER ATOMS 


When carbon is bound to only two other atoms, one of two bonding situations will exist: either 
the carbon is bound to each by double bonds, or, to one of the atoms with a triple bond and only 
a single bond to the other. In either instance, VSEPR predicts that a linear arrangement of the 
three atoms will minimize repulsions. This arrangement again matches experimentally 
determined geometries. Figure 1.10 illustrates the shapes of carbon dioxide and 2-butyne 
(CH3CCCH3) molecules. 

Throughout this discussion of the observed geometries of bonding about carbon atoms we have 
made no mention of how carbon forms four bonds with these geometries. In the next section we 
will begin to consider the orbital structure of carbon in relation to the geometries of its compounds. 
With consistent rationalizations of the experimentally observed structural data, we hope to make 
predictions regarding the chemistry of organic molecules. 


1.6 ATOMIC ORBITAL INTERACTIONS AND 
COVALENT BONDING 


We can gain a more complete understanding of organic bonding and structure by considering the 
orbitals that the electrons occupy. In the valence bond model we consider the interactions of 
electrons in the atomic orbitals of each of the atoms that have come together. 

We can think of an atomic orbital as a description of a region of space that can be occupied 
by one or two electrons of the atom in question. Although no experiment can measure anything 
directly about an orbital, we can use the theory of orbitals to predict many properties of atoms. 
Because these predictions do agree with experimental observations, the orbital model is a useful 
one. 

Descriptions of orbitals are obtained by solving the Schródinger wave equation that provides 
information about electrons in atoms. (This wave equation is of the form HY = ЕФ where E is the 
energy of the orbital, ¥ is a wave function relating position and energy for two oppositely charged 
particles, electron and nucleus, and H is a Hamiltonian operator acting on V.) According to this 


H 
Н/!,,. C 
H P d а 
Chloromethane 
Cl 
H/7,,, 
H Ж а 
Dichloromethane 
H 
H!i,, 
H Ж ~ о — 
Methanol 
H 
H!i,, | H 
HÁ ~ с” 
| ^H 
H 
Ethane 
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Figure 1.8 Tetrahedral geometry about the carbon atom. The ethane molecule has two 
tetrahedral carbon atoms. Ball-and-stick models are shown. Molecular models 


will be discussed in Chapter 2. 
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Formaldehyde 


Methyleneimine 


Ғісиве 1.9 Trigonal planar geometry of carbon bound to three other atoms. All atoms 
shown lie in the plane of the paper. The standard conventions regarding colors 
of atoms in such models is that carbon is black, hydrogen is white, nitrogen is 
blue and oxygen is red. The projections from atomic centers without any 
attached atom indicates an unshared valence level electron pair. 


wave equation, each orbital has not only a spatial form but a precise energy as well. We derive an 
electronic description of the ground state of an atom by allowing its electrons to occupy the low- 


Chemical Biography 


ERWIN SCHRODINGER 


b. 1887 
d. 1961 


Ph.D. University of Vienna 
(Hasenóhrl) 1910 


Nobel Prize (Physics) 1933 


est energy spaces (orbitals) that are available. 
Only two electrons can occupy any one orbital, so 
larger atoms must make use of higher energy 
orbitals to accommodate their greater numbers of 
electrons. This filing of successively higher 
energy orbitals with increasing atomic number 
was referred to earlier as the aufbau principle. 
Although we cannot use any experimental 
methods to measure anything about orbitals 
per se, we can make measurements on electrons. 
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Carbon dioxide 


180° г "> 


НЗС --С---С--СН; 


2-Butyne 180° 


FIGURE 1.10 Geometry associated with carbon bonded to two atoms. The 2-butyne 
molecule contains two carbon atoms that are doubly connected, each 
forming a triple bond and a single bond. 


For example, we can measure the energy needed to move an electron from one energy level (an 
orbital) to another. We can also measure the energy needed to eject an electron completely from an 
atom. From these experimental measurements we can infer much about the relative energies of the 
orbitals that the electrons occupy. We find that energies calculated by the wave equation conform 
well to the results of experimental measurements. This correlation suggests that our theoretical 
description of orbitals is a useful one. 

The valence bond model suggests that bonding occurs when orbitals of two atoms come 
together with two electrons between them. If certain criteria are met, a bond results and the 
energy of the system decreases. These criteria are: 


1. The two interacting orbitals are of approximately the same energy. 
2. The spins of the two electrons are paired. 


3. The overlap of the involved orbitals is efficient. 


An efficient overlap of the orbitals involves both the overlap of a significant portion of each 
orbital in question and an increase in the region of space in which the associated electrons can 
move. The larger the region of space (a “box” ) in which a charged particle (e.g., an electron) 
is allowed to move, the lower is its energy. (This point is extremely important here and in under- 
standing a number of concepts that will be developed in this course.) 

Consider a hydrogen molecule forming through the approach of two hydrogen atoms, each 
with a 15 electron. As they approach, the electrons in their orbitals interact with each other and 
with both of the nuclei. As a result, the electron from one atom may be near the nucleus of the 
other atom—this is a major determinant in the formation of a bond. 


20 ORGANIC CHEMISTRY 


VaLence Вомр Море APPLIED TO CARBON 


The valence bond model equates the formation of a covalent bond with the pairing of two electrons 
with opposite spins in the region between the nuclei. This model suggests that there should be a 
correlation between the number of unpaired electrons in the atom and the valence of the atom. 
Indeed, we find such correlations. Hydrogen, with one unpaired electron, forms one covalent bond, 
and nitrogen (1522522р3), with three unpaired electrons, forms three covalent bonds. However, 
there is no such correlation for carbon. The ground state carbon atom (the ground state is the lowest 
electronic energy condition for an atom or molecule) has the electronic configuration shown in 
Figure 1.11. 

There are only two unpaired electrons in the valence level of a carbon atom. On this basis 
we might predict that carbon would form just two covalent bonds. Yet, from experimental obser- 
vations we know that carbon generally forms four bonds in neutral, stable molecules. (How is 
this possible? The standard valence bond model doesn’t account for this. Nor does it account 
for several other observations, such as the existence ој Нех as a real species. The simple oxygen 
molecule, О», is another problem for the simple valence bond model—experimental observations 
indicate it to have two unpaired electrons, but the simple valence bond model does not ration- 
alize this observation.) 

Linus Pauling (1954 winner of the Nobel Prize in Chemistry) developed a useful model for 
dealing with this conflict of carbon forming four bonds with its available electrons. It requires 
us to consider a modified form of the carbon atom. Pauling found that mathematical mixing of 
the four available atomic orbitals of carbon could produce four new, equivalent orbitals. Each 
new orbital is directed from the carbon atom nucleus to one of the corners of a regular tetrahe- 
dron. This process of mixing orbitals by mathematical combination of their wave functions is 
known as hybridization. It is shown schematically in Figure 1.12. 
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Figure 1.11 Ground state electronic configuration of a carbon atom. 
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Ғісиве 1.12 Mixing of 2s and three 2p orbitals of a carbon atom to generate four hybrid 
carbon orbitals. 


The hybrid orbitals are intermediate in char- 
acter between s and p. Each sp? hybrid orbital is 
considered to contain a single electron available 
for covalent bond formation. Each hybrid orbital 
has a two-lobed shape, similar to the shape of a p 
orbital but with different sized lobes, as shown in "m | 
Figure 1.13. Moreover, the hybrid orbitals each [hp siu satis Шеше с 

: Technology (Dickinson & 
point toward a corner of a regular tetrahedron, as Tohman) 1925 
shown in Figure 1.14. 

In the illustrations of the p and sp? orbitals, 
one lobe is shown as shaded while the other is 
clear. This is done in order to illustrate a char- 
acteristic of orbitals. We can think of the difference between the two regions in terms of wave 
properties. One region represents a peak of the wave while the other represents a trough. An 
alternative way of thinking about this is to consider the mathematical expression relating the 
position and energy of the electrons (the wavefunction) of the orbital as changing sign from 
one region to the other. The point at which the peak turns to a trough (the sign changes) is 
referred to as a node. (A node is a region where there is zero probability of finding an elec- 
tron. The 15 orbital has no node.) These aspects of the orbitals are illustrated in Figure 1.15. 
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THe Сеометву OF BONDS Еовмер USING HYBRID ORBITALS 


Each carbon-hydrogen bond in methane can be viewed as arising from an end-on overlap of a 
C(sp?) and an Н(15) orbital. The electron density associated with the bond is cylindrically sym- 
metrical with respect to the internuclear axis as shown in Figure 1.16. (Examples of everyday 
items having cylindrical symmetry include baseball bats, beer bottles (without the labels) and 
drinking goblets. If we view any of these objects from a direction perpendicular to its axis we 
can rotate the object about that axis and will see no change in the object with rotation.) Bonds 
of this type are referred to as 6 bonds. A methane molecule is thus said to have four carbon- 
hydrogen б bonds aligned along directions pointing from the center to the corners of a regular 
tetrahedron. (Generally, sp? hybrid orbitals exhibit a tetrahedral arrangement about their atom 
no matter which atom it is or whether they are involved in bonds or hold an unshared pair of 
electrons.) 
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A 2p orbital—Bond formation (e.g. with a 
hydrogen atom) can occur with equal 
likelihood at either end of the orbital. 


An sp? hybrid orbital—Bond formation to a 
hydrogen atom occurs using the larger 
(major) lobe only. 


FigurE 1.13 Comparison of unhybridized р and sp? hybridized orbital shapes. The atomic 
nucleus is at the junction of the lobes in each situation. 


Ғісиве 1.14 Directional characteristics of sp? hybrid orbitals of carbon and the formation 
of C-H bonds in methane, CH,. The hybrid orbitals point toward the corners 
of a regular tetrahedron. Hydrogen 1s orbitals are illustrated in position at 
the corners of the tetrahedron to form bonds by overlap with the major lobes 
of the hybrid orbitals. One hybrid sp? orbital is shown emanating from the 
carbon atom at the center of the tetrahedron and pointing toward a corner 
of the tetrahedron. 
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(a) 


major lobe 


minor lobe 
| minor lobe 


node 


(b) 


trough 


Figure 1.15 (a) Representations of sp? hybrid orbitals showing major and minor lobes 
and point of zero electron density (node) at the nucleus. (b) Representation 
of the wavefunction for the sp? hybrid orbital showing peak and trough. 
The square of the wavefunction is used in calculating the electron density. 
Although the wavefunction may be positive or negative, the square, relating 
to the electron density, is always positive (or zero). 


C C 


Efficient direction of approach for overlap—Bond 
formation occurs when orbitals meet on this line of 
approach. The line of approach, the internuclear 
axis (dotted line), is an axis of symmetry for the 
electron pair of the bond. 


Ғісиве 1.16 Direction of approach for bond formation between carbon sp? hybrid orbital 
and hydrogen 1s orbital. 
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The electron density of the bond formed between 
two carbon atoms using hybrid orbitals is 
cylindrically symmetrical about the internuclear 
axis. 


Figure 1.17 Formation of a carbon-carbon bond using hybrid orbitals. 


Similarly, bonds formed between carbon atoms by overlap of hybrid orbitals are o bonds. 
End-on interaction of the hybrid orbitals provides the most efficient overlap for bond formation 
(see Figure 1.17). 


MULTIPLY BONDED CARBON 


The participation of carbon in double or triple bonds requires a different type of hybridization 
model. The guiding rule we follow in understanding carbon bonding in stable molecules is that 
we need as many hybrid orbitals as there are attached atoms and unshared pairs of electrons. For 
example, consider the molecule formaldehyde, Н›С=О. 

Carbon is bonded to only three atoms (two hydrogens and one oxygen). It requires just 
three hybrid orbitals to form three o bonds (one to each bonded atom). To get three hybrids, 
we mix just two of the 2p orbitals with the one 2s orbital. (Whenever we combine or mix n 
simple atomic orbitals to generate new orbitals, we end up with n new orbitals. We never 
generate nor destroy space for electrons.) One 2p orbital is left unhybridized. This hybridiza- 
tion scheme is illustrated schematically in Figure 1.18a and Figure 1.18b. Generally, the 
geometry of bonding about sp? hybridized carbon is trigonal planar, with three o bonds and 
one л bond. 

An sp? hybrid has approximately the same shape as an sp? hybrid orbital, but is slightly 
shorter and fatter (see Figure 1.19) owing to the mix of atomic orbitals it uses. It has greater s 
character (33.3%) than does an sp? orbital (25%). Thus, it is a little more like an s orbital than 
is an sp? hybrid. As a result, any electron in an sp? orbital is held closer to the nucleus than it 
would be in an sp? hybrid. This is reflected in the shorter and fatter shape of the orbital. In spite 
of this difference, sp? hybrids form bonds in the same way as do sp? hybrids. End-on overlap 
with orbitals from other atoms yields o bonds. However, the bonds formed by sp? hybrid orbitals 
are shorter (and stronger) than the corresponding bonds formed by sp? hybrid orbitals, again 
because of their more s-like character. 
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FIGURE 1.18a Schematic representation of sp? hybridization of carbon. The hybridization 
mixes two of the 2p orbitals with the single 2s orbital to produce three sp? 
hybrid orbitals. One 2p orbital is not included in the hybridization process 
and remains unchanged. The three sp? hybrid orbitals project out from the 
carbon atom in a single plane. The unhybridized p orbital is in a plane 
perpendicular to that occupied by the three hybrids. 
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sp? hybrid orbitals 


FIGURE 1.18b Spatial distribution in sp? hybridization. The three sp? hybrids are directed out 
from the carbon atom in a single plane with an angle of 120? between them. 
(Only one is shown for clarity—the others lie along the remaining heavy lines.) 
The unhybridized p orbital is perpendicular to the plane occupied by the 
hybrid orbitals. The dotted lines indicate the Cartesian coordinate system. 


Figure 1.19 (a) sp? hybrid orbital, (b) sp? hybrid orbital. The greater s character of the sp? 
hybrid orbital makes it slightly shorter and fatter than the sp? hybrid orbital, 
which has a greater p character. Both of these orbitals (and the o bonds they 
form) have an axis of symmetry shown by the dotted line. The electron 
density is cylindrically symmetrical about this axis. 
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C—O л bond 
С-Н o bonds 


С-О 6 bond 


Figure 1.20 Orbitals involved in bonding in formaldehyde. Three с bonds are present. 
Two of these are between carbon and the hydrogen atoms (the carbon uses 
two sp? hybrid orbitals). The third o bond is between carbon and oxygen; 
each atom uses sp? hybrid orbitals. A fourth bond (a т bond) is generated by 
a side-to-side overlap of the remaining unhybridized p orbital on carbon and 
a p orbital on oxygen (see text discussion). For clarity, only one of the bonds 
to hydrogen is shown and other orbitals on oxygen are not shown. 


The use of sp? hybrids in the formation of the three o bonds in formaldehyde is illustrated in 
Figure 1.20. The unhybridized p orbital of the carbon is used to form a carbon-oxygen m bond. 
The т bond has a side-to-side overlap with a p orbital on oxygen. This second bond between car- 
bon and oxygen is different from the other bonds (б bonds) in the formaldehyde molecule. It does 
not have an axis of symmetry, but does have a plane of symmetry (see Figure 1.21). 

Consider now the acetylene molecule (HCCH). Each carbon is involved in a triple bond. We 
can rationalize the bonding in acetylene using the hybridization guidelines we have been 
following. Figure 1.22 shows the mixing of orbitals to generate two sp hybrid orbitals per 
carbon atom; these two sp hybrid orbitals are required for the two б bonds. 

Figure 1.23 shows the geometric relationship among the two sp hybrid orbitals and the two 
unhybridized 2p orbitals. The two sp hybrids point in opposite directions along a straight line. The 
unhybridized p orbitals are at right angles to the sp hybrids. The hybrid orbitals, as usual, form only 
с bonds, and the unhybridized p orbitals form only л bonds. We consider the acetylene molecule 
as having one o bond and two x bonds joining the two carbon atoms. In general, we always assume 
that only the first bond between two atoms is a o bond and that any other bonds аге л bonds. 


1.7 RESONANCE STRUCTURES 


By following the procedures given earlier in the chapter we can write a unique Lewis structure 
for every molecule considered thus far. These descriptions compare well with the descriptions 
we infer from experimental probes of structure. 

What do we do when we can draw more than one Lewis structure? Consider, for example, 
the carbonate ion, СОз2-. We know from experimental probes of structure that this ion consists 
of a central carbon atom joined to three oxygen atoms. Now, consider the picture we obtain from 
theory. If we follow the procedure outlined earlier (Section 1.4) for drawing a Lewis structure, 


CHAPTER 1 % BONDING IN ORGANIC COMPOUNDS 27 


Figure 1.21 Formation of a x bond by side-to-side overlap of p orbitals. When carbon 
forms four bonds to three other atoms, one bond will be a x bond with the 
symmetry characteristics shown here. The indicated plane of symmetry for the 
m bond is the plane in which the o bonds lie. The axes of the Cartesian 
coordinate system are shown as dotted lines. 
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FIGURE 1.22 Construction of sp hybrid orbitals. The sp hybrid orbitals are constructed by 
mixing one of the 2p orbitals with the 2s orbital. Two 2p orbitals are uninvolved 
in the hybridization process. 
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we find that there must be two carbon-oxygen single bonds and one carbon-oxygen double bond. 
We also find that we can draw three Lewis structures obeying our guidelines—they differ only 
in which carbon-oxygen linkage we designate a double bond, as shown in Figure 1.24. 


unhybridized p orbitals 


sp hybrid orbitals 
Figure 1.23 Relative orientation of sp hybrids and unhybridized 2p orbitals. The sp 


hybrids are used to form o bonds and the unhybridized p orbitals are used to 
form x bonds. 


(b) 


FIGURE 1.24 (a) Lewis representations of electron distribution in the carbonate anion. 
Bonds are shown with lines and unshared electron pairs with dots. Formal 
charges are shown where appropriate on the oxygen atoms. (b) x bonding in 
the carbonate anion. The unhybridized p orbital on the carbon atom is shown 
interacting with a p orbital on the attached oxygen atom. Each structure 
relates to the Lewis structure shown directly above it. (Unshared electron 
pairs are omitted for clarity.) 
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Are these representations correct? That is, do they correspond to the real carbonate anion? 
The answer is given by comparing experimental data on the carbonate anion with the Lewis 
structures we have drawn; we find that the Lewis structures we draw are not good reflections of 
the experimentally found structure. Experimental measurements tell us that all three 
carbon-oxygen bonds in the carbonate anion are equivalent. There is not one double bond and 
two single bonds. We know this because our observations of bond lengths in molecules tell us 
that carbon-oxygen double bonds are shorter than carbon-oxygen single bonds, and experiments 
tell us that all of the carbon-oxygen bonds in the carbonate anion have the same length. 

An interesting situation exists when we can draw several Lewis structures for a molecule or 
ion. Although none of the Lewis structures is individually a good representation of the true 
structure, an average of the structures usually provides a good description. 

We generally represent this by writing the individual Lewis structures separated by a 
double-headed arrow, as shown in Figure 1.25. We call the individual structures resonance 
contributing forms, a concept and term introduced by Linus Pauling. Molecules that can be 
represented by two or more Lewis structures differing by only the exact placement of electrons 
within those structures are referred to as resonance hybrids. When we use such a blend of reso- 
nance structures to describe bonding, we say that we are using a resonance hybrid description 
for that bonding. We also understand that the true structure is an average or blend of those con- 
tributing forms. Attempts to show the true structure for the carbonate anion (as an average of the 
resonance contributing forms) are illustrated in Figure 1.26. Notice that the resonance hybrid 
description implies that each carbon-oxygen bond is partway between single and double. We 
find that this description matches very well with the evidence we obtain from experimental 
probes of the structures of the carbonate anion. 

The blending of resonance contributing forms implies a greater delocalization of the 
involved electrons than is present in any one of the individual structures. This example illustrates 
a concept introduced in the beginning of our discussion of the valence bond model of bonding- 
the larger the region of space in which a charge is allowed to exist, the lower its energy—and it 
leads to a useful rule of thumb: actual species for which we can draw more than one Lewis struc- 
ture are usually more stable than we would expect for any one of the drawn structures. 

Consider now another example of an ion that is better described by contributing resonance 
forms than by a single Lewis structure. The formate anion is produced by the dissociation of 
formic acid in aqueous solution, as shown in Figure 1.27. Experiments show that the formate 
anion (but not formic acid itself) has two identical carbon-oxygen bonds. This result is consis- 
tent with our ability to write two equivalent resonance structures for formate ion but not for 
formic acid. 
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Figure 1.25 Representing the carbonate anion using three Lewis structures. The double- 
headed arrow between the individual structures indicates that the true 
description is an average of the individual structures. 
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Partial double bonds between 
carbon and oxygen are 
designated by the broken 

lines. Formal charges are 
shown with the oxygen atoms. 
Unshared electron pairs are not 
shown. 


The x bonding between carbon 
and oxygen is shown by p 
orbital overlap. Formal charges 
are shown at oxygen, but 
unshared electron pairs are not 
shown. 


Ғісиве 1.26 Representing the carbonate anion as a resonance structure average. 
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Ғісиве 1.27 Resonance contributing forms for the formate anion. Neither structure 
adequately describes the formate anion, whose charge is equally distributed 
between the two oxygens and which has equal distances for the two carbon- 
oxygen bonds. The average or a blending of the two structures gives a better 
description of the formate anion. 


Special Background 


Charge Delocalization 


A concept we have just introduced, and will return to again and again throughout our discussions of 
organic chemistry, is that of charge delocalization. Why are we so concerned with resonance struc- 
tures and charge delocalization? Because it helps us to understand the relative stabilities of various 
species and the reason some species exhibit particular stabilization. 

For an understanding we need to go back to some (or view for the first time) fundamental physics- 
some concepts from electrostatics. Without developing the entire mathematics of the concept, 
Gauss’s Law teaches us that a charge within some volume (a sphere for simplicity’s sake) may be 
considered to be distributed over the entire surface of that volume. So, an electron (or two, or the lack 
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thereof constituting a positive charge) in an orbital of some size should be considered to be spread 
out over the entire region of that orbital. 

Further, we also learn from electrostatics in physics, that the potential (or the energy) associated 
with such a charged sphere (or other shaped volume) decreases as the size of the region increases. 
Thereby, as a charge (electron, electrons, or the lack thereof, positive charges) is capable of occupy- 
ing a larger region of space, its energy is decreased. We will continually be looking for possibilities 
of such charge delocalization as they relate to stabilization of electrons in orbitals and chemical 
species in general. 


THe CURVED-ARROW FORMALISM 


A simple procedure for writing alternative resonance contributing forms involves first writing 
one structure showing all valence level electrons. We then shift these electrons in pairs about the 
structure. However, only certain types of movements of the electrons are acceptable. We may 
move unshared electron pairs as a pair to form an additional bond to an adjacent atom. 
Electrons from multiple bonds may be moved, again as pairs, either to form another bond to a 
different atom, or onto one of the atoms connected by the multiple bond, where they become an 
unshared pair. We represent these electron pair shifts using curved arrows in the curved-arrow 
formalism. The application of this procedure to writing resonance structures for the carbonate 
anion is illustrated in Figure 1.28. 
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(а) An unshared pair 
is moved from oxygen 
to form ад bond 
between oxygen and 
carbon. 


(b) A bonding pair (the 
т bonding pair) is 
moved onto the oxygen 
as an unshared pair. 


(c) An unshared pair is 
moved from oxygen 
to form ад bond 
between oxygen and 
carbon. 


(d) A bonding pair (the 
т bonding pair) is 
moved onto the oxygen 
as an unshared pair. 


Figure 1.28 Curved-arrow formalism in writing resonance structures of the carbonate 
anion. The locations of the formal charges change with the electron pair 
shifts. Movements of electrons are coordinated so that electrons are not piled 
up in any given site. The head of the arrow indicates the destination of the 
electron pair, and the arrow tail the source of the electron pair. 
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GENERAL GUIDELINES FOR WRITING RESONANCE STRUCTURES 
AND ASSESSING THEIR RELATIVE ENERGIES 


1. 


The relative positions of the nuclei must be the same in all contributing resonance 
structures. For example, in a consideration of hydrogen cyanide, structures having the 
connectivity HNC would not be resonance structures with those having the connectivity 
HCN because the bonded atoms occur in different sequences. 


Charge separation in a resonance contributing form generally causes its energy to be higher 
than that of similar structures with no charge separation. For example, consider carbon diox- 
ide. Following the usual procedure for developing a Lewis structure, we deduce that eight 
electrons are to be shared. We could draw a Lewis structure with two double bonds, or one 
with one triple bond and one single bond. When we assign formal charges, we see that the 
structure with the triple bond has separated charges. On the other hand, the structure with 
two double bonds has no atom with non-zero formal charge, and it therefore is the better 
structure (lower energy). It corresponds much more closely to the true structure of carbon 
dioxide. This structure also agrees with the one we would draw using the standard valences. 


.. .. = o + 

0—C—O :20--С--О: 
Separated charges— 
higher energy than 
structure on the left 


If possible, all atoms should obey the noble gas rule. Special situations arise when there 
are not sufficient electrons to provide every atom with a noble gas configuration; this sit- 
uation occurs for some reaction intermediates, some boron compounds, and odd-electron 
species (radicals, see Chapter 7). 


When we use the curved-arrow formalism to derive a second structure from a first one, 
we must be careful to correlate the electron movements so that we do not accumulate 
more than the noble gas number on any one atom. 


The relative importance of various resonance structures depends on the nature of the atoms 
carrying charges and the number and type of bonds present. Two structures may both be 
significant (have similar number and types of bonds and have similar charge separations) 
but not be exactly equivalent. Consider for example the two resonance structures we can 
write for the anion of formula (С›НзО)-, an important intermediate in various reactions. 


M. C 
perte ЊС ^H 


These two structures have the same number of bonds, and each has one formal negative 
charge. The two are of similar but not exactly the same energy. (One has the charge on oxygen 
and the other on carbon.) In such a situation we find that the structure that best matches the 
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experimental evidence is, as usual, a hybrid of the two. However, the best structure is not a 50/50 
mix of the two resonance forms. One resonance form is closer to the real structure than the other. 
The weighting of the individual structures depends on the atom that best accommodates the neg- 
ative charge (oxygen rather than carbon) and the relative strengths of the bonds in the structures. 
Usually there is no need for us to try to quantify these effects. We simply realize that the reso- 
nance hybrid is somewhere between the two individual forms but closer to the one than the other. 


1.8 WHEN THE VALENCE BOND MODEL GIVES 
THE WRONG ANSWER 


At its most basic level, the valence bond model requires the drawing of Lewis structures. 
Occasionally, we find that Lewis structures drawn according to the guidelines set down earlier 
are totally at odds with experimental measurements. Also, we find that the valence bond 
approach simply does not (and cannot) give us answers to all of the questions we may һауе 
regarding bonding and the chemistry of molecules. 

We must always keep in mind that experimental reality directs theory. Our theories are good 
only so long as they provide us with answers in accord with experiment and allow us to make cor- 
rect predictions of experiments. There exist many molecules for which simple valence bond theory 
does not give us an adequate description. We must remember that valence bond theory is only a 
method we use to describe experimental reality and make predictions. Atoms and molecules “do 
their own thing” without any recourse to our theories. Theories, including the valence bond model 
for describing molecules, are for our convenience and do not direct what molecules do. 

Similarly, the concepts of hybridization and resonance are our attempts to help us to explain 
experimental results. Even the concepts of hybridization and valence bond theory break down if 
we begin to look at the electronic spectra of molecules. Hybridization is a mathematical method 
useful to us for certain purposes, but not for others. We can use hybridization and valence bond 
theory as long as they give us answers in accord with experimental reality. When they do not 
give us correct answers, we must go to a different model or theory. Hybridization and resonance 
are two modifications of the basic valence bond model that we use for considering bonding in 
molecules. These modifications allow us to rationalize much of chemistry in terms of the valence 
bond model. However, there are still exceptions. For example, consider the oxygen molecule, 
О». Experimental observations are in clear conflict with the standard Lewis structure for the 
oxygen molecule as shown in Figure 1.29. 

The oxygen molecule is found by experiment to be paramagnetic. (Liquid oxygen is 
strongly attracted to the poles of a magnet.) Further, we find that the observed paramagnetism 
points to the presence of two unpaired electrons in the О» molecule. The Lewis structure of 
Figure 1.29 suggests that all of the oxygen molecule’s electrons are paired. On the basis of the 
Lewis structure, we would not predict any paramagnetic properties for О». The valence bond 


FicuRE 1.29 Lewis structure of the oxygen molecule. Although this Lewis structure is 
drawn in accordance with all usual guidelines, such as the noble gas rule, it 
is not in accord with the experimentally measured properties of oxygen. 


34 ORGANIC CHEMISTRY 


model also fails at the most basic level to explain the existence of the hydrogen molecule ion, 
Но“, or the helium molecular ion, He". It is not even possible to write a standard Lewis struc- 
ture for these ions. 

In the following sections we discuss a different way of viewing the bonding in molecules, 
the molecular orbital model. The main advantage of the molecular orbital model is that it always 
(for every system investigated to date) gives a description of bonding in accord with experiment, 
if we can solve the appropriate wave equation and derive a proper orbital description. 

The main disadvantage of the molecular orbital model is that it is considerably more 
difficult to apply than is the valence bond model. At the most rigorous level, major computa- 
tions using large computers are necessary. However, organic chemists usually work with the 
molecular orbital model at a simpler, more pictorial level, and it is at this level that we will 
focus in this text. 

The molecular orbital and valence bond models should be regarded as complementary. For 
example, Lewis structures generally provide us with a “quick and dirty” but highly useful 
method for viewing the basic bonding in molecules. In fact, organic chemists advanced their 
science for many years using only this model. In those instances where the valence bond model 
does not provide descriptions of molecules in accord with experimental reality, such as with the 
O, molecule, there is a need to turn to the more sophisticated models of bonding, such as 
the molecular orbital model. It needs to be noted that in most instances the predictions of the 
valence bond and molecular orbital models are both in accord with experimental reality. 
Usually, there is no conflict between them. As a result, our usual approach is to use the sim- 
plest possible model of bonding that will rationalize experimental facts and accurately predict 
observable phenomena. Most of the time we do very well at this with the valence bond model 
and ordinary Lewis structures. However, at times we must resort to the higher level models. 
This approach will be followed in this text. The following sections provide an introduction to 
the molecular orbital model. 


1.9 THE MOLECULAR ORBITAL MODEL FOR BONDING 


THe DEFINITION OF MOLECULAR ORBITALS 


We have already defined atomic orbitals as regions of space about an atom in which one or two 
electrons can exist with a particular energy. An atomic orbital, by definition, is associated with a 
single atomic nucleus. Correspondingly, a molecular orbital is a region of space in a molecule 
in which one or two electrons can exist. Associated with each molecular orbital is a particular, 
precisely defined energy. As opposed to an atomic orbital, a molecular orbital is associated with 
two or more atomic nuclei. 

This latter fact complicates the mathematics of dealing with molecular orbitals, so much so 
that organic chemists generally resort to consideration of molecular orbitals only when the 
valence bond/atomic orbital does not provide good answers. Even when organic chemists find it 
necessary to use molecular orbital concepts in order to understand reality, they usually use qual- 
itative or otherwise limited applications of the fundamental model. This is the approach we will 
take here for our considerations using molecular orbital theory. 

The basic precept of the molecular orbital model is that every molecule has a set of molecular 
orbitals. Although all atoms have the same basic set of atomic orbitals (1s, 2s, 2p, etc.), different 
molecules have different sets of molecular orbitals. For example, the molecular orbitals of methane 
are quite different from those of the hydrogen molecule. 
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MOLECULAR ORBITAL DESCRIPTIONS 


The usual method organic chemists use for constructing a molecular orbital description of a 
molecule begins with the atomic orbitals of the constituent atoms. In a quantitative approach, 
the mathematical functions describing those atomic orbitals are combined so as to yield a set of 
molecular orbitals. This process is known as the method of linear combination of atomic 
orbitals (LCAO). 

At its most rigorous level, complex mathematical operations are performed, usually using a 
high-speed computer, to provide a solution to the appropriate equations describing the energy 
and spatial relationship of electrons and nuclei. By this approach we can generate a mathemat- 
ical description of molecular orbitals that can be useful for a variety of purposes. However, 
organic chemists often find that a less quantitative and more pictorial (and timesaving) approach 
is able to provide useful information for explaining experimental observations and predicting 
characteristics of molecules. 

An underlying premise of the LCAO approach, just as we have seen with the generation of 
hybrid orbitals from simple atomic orbitals, is that we do not generate or destroy space for elec- 
trons. Using LCAO, we generate exactly the same number of molecular orbitals as the number 
of atomic orbitals we used. Consider a simple example of the application of LCAO to the con- 
struction of molecular orbitals, the hydrogen molecule (Hz). 

For the hydrogen molecule we use the appropriate valence level atomic orbitals from the 
involved atoms, a 15 orbital from each of the two hydrogen atoms. Two atomic orbitals are used, 
and two molecular orbitals are generated. In using the LCAO approach, we place the nuclei at 
their normal internuclear distance for the hydrogen molecule; we combine the wavefunctions in 
the two available ways (addition and subtraction) to generate two new molecular orbital (two 
nuclei) wavefunctions as shown in Figure 1.30a and Figure 1.30b. From our calculations we find 
that these molecular orbitals also have particular shapes, as shown in Figure 1.31. 


placed at the proper 
internuclear distance 
for the hydrogen 
molecule 
1 2 
$1 ШУ 
Combined in the manner: 
Фа < фа + 09 
Ч and У, represent Ше wavefunctions for Ше 
Yo = 01-99 newly generated molecular orbitals. 


The relative energies of these newly generated molecular orbitals can shown in an 
energy diagram (Figure 1.32). 


Ғісиве 1.30a The process of constructing molecular orbitals for the hydrogen molecule 
from two hydrogen 1s atomic orbitals. The combination of two atomic 
orbital wavefunctions (фъ and 2) produces two molecular orbitals. One of 
the molecular orbitals (4) results from the addition of the two atomic 
orbital wavefunctions, and the other (¥-) results from the subtraction of 
those same atomic orbital wavefunctions. 
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Energy 


molecular orbitals 


contributing atomic contributing atomic 
orbital atom 1 7 ~ orbital atom 2 


Figure 1.30b Construction of molecular orbitals for the hydrogen molecule. The two 
atomic orbitals are combined by addition or subtraction to generate the 
new molecular orbitals. One of these is lower in energy than the starting 
atomic orbitals and the other, resulting from the subtraction process, is 
higher in energy than the starting atomic orbitals. The energy of the starting 
atomic orbitals is at our reference point of 0 (zero) on the energy scale. 


Ч»—А change in sign (phase) of the wavefunction occurs at the midpoint between the atomic nuclei on the inter- 
nuclear axis 


4 — There is continuous electron density through the entire region between and around the two nuclei. The sign 
(phase) of the wavefunction does not change over the entire region. 


Figure 1.31 Shapes of molecular orbitals generated from atomic hydrogen 15 orbitals. 
Both orbitals have an axis of symmetry about which they are cylindrically 
symmetrical. We thus call them o molecular orbitals. 


DEFINING A BOND WITH MOLECULAR ORBITALS 


Now that we have generated (pictorially and otherwise) the appropriate molecular orbitals for 
the hydrogen molecule, we are ready to proceed to see how a bond is constituted with them. It 
is here that we see a fundamental difference from the valence bond model in viewing bonds. 
Remember, with the valence bond model we first considered the atomic orbitals with a pair of 
electrons between them, and then brought them together and allowed them to overlap, sharing 
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the electrons, to produce a lower energy system (a bond). With the molecular orbital model we 
have first generated the orbitals at the appropriate distance without taking into account the elec- 
trons that will occupy them. Once we have this picture of the orbitals, we then add the 
appropriate number of electrons to the available orbitals. We add these electrons in the same 
manner as we did in generating electronic configurations for the atoms, placing each successive 
electron in the lowest energy orbital available (The aufbau principle—remember, the general 
approach used in generating the ground state electronic configuration of an atom or molecule is 
called the aufbau principle. The required number of electrons are added to the orbital system one 
at a time, starting with the lowest energy orbital available, and moving successively to the next 
higher energy orbital as each is filled. If a set of orbitals exist with equal energies—degenerate 
orbitals—one electron is added to each of the degenerate orbitals successively with the same 
spin and pairing of electrons is performed only after each of the degenerate orbitals has one elec- 
tron associated with it.) For the hydrogen molecule this is shown in Figure 1.32. 

An electron in a bonding molecular orbital provides stabilization because it simultane- 
ously is associated with more than one nucleus. It provides continuous electron density 
linking the nuclei and shields against the normal nucleus-nucleus (proton-proton) repulsions 
that would occur were negatively charged species (electrons) not present between them. With 
the antibonding molecular orbital there is a discontinuity of the orbital between the nuclei. 
If an electron were to occupy an antibonding orbital it would not provide the continuous 
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Figure 1.32 Electrons associated with molecular orbitals іп the hydrogen molecule. Two 
electrons from the participating hydrogen atoms are placed in the lowest- 
energy molecular orbital (the aufbau principle). We thus place both electrons 
in the 4, molecular orbital. Compared with the energy of the electrons in the 
original orbitals (фу and 2), the energy in this molecular orbital is lowered by 
an amount of 2AE. Because 4, is lower in energy than the original atomic 
orbitals, and electrons are stabilized by occupying such an orbital, Ч", is called 
a bonding molecular orbital. The molecular orbital Ғ;, being higher in energy 
than the original atomic orbitals is called an antibonding molecular orbital. If 
electrons were placed in it, the system would be /ess stable than if they were 
still associated with the isolated atoms in atomic orbitals. The experimentally 
determined bond energy for the hydrogen molecule is 104 kcal/mole, so AE is 
approximately 52 kcal/mole. 
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electron density between the nuclei. Thus, electrons in the antibonding molecular orbital can 
not shield the normal nucleus-nucleus repulsive interaction, along with their diminished total 
electron-proton attractive interaction. 

We must note that the descriptions we obtain of the bond energy and the electronic distribu- 
tion within the hydrogen molecule are essentially the same whether we use the valence bond 
model or the molecular orbital model (Figure 1.31 and Figure 1.32). If we wish to describe the 
energy and electron distribution of a ground state hydrogen molecule, either approach gives us 
an adequate result. For certain other considerations, however, the molecular orbital model is 
superior. 


COMPLICATIONS IN THE HYDROGEN SYSTEM 


An Energized Hydrogen Molecule Suppose we put energy into a hydrogen molecule 
by shining light on it. We know that we can excite the electrons of atoms to higher energy 
orbitals in this manner. We might expect that we could do the same with molecules. 

With the valence bond model of bonding we do not get any specific notion of higher energy 
orbitals to which an electron might be excited. However, using the molecular orbital model, we 
have available a higher energy orbital to which an electron could be excited. The excitation 
process is illustrated in Figure 1.33. The energy added by the light resulting in excitation of the 
electron from the bonding to the antibonding orbital is the energy of the bond, 2AE. (Of course, 
this occurs only when light of wavelength corresponding to 2AE of energy is used.) 

The molecular orbital model of bonding in the hydrogen molecule allows us to understand 
the process more easily than does the valence bond model. 
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Figure 1.33 Excitation by light of a hydrogen molecule. An electron is energized by 
absorption of light. The electron is excited from the bonding to the antibonding 
orbital. After excitation, the net bonding stabilization of the system is zero-one 
electron is in the bonding orbital and the other is in the antibonding orbital. The 
electron in the antibonding orbital destabilizes the system to the same extent as 
the electron in the bonding level stabilizes it. Under these conditions the 
molecule will dissociate. This is in accord with the observed photolysis (cleavage 
by light) of the hydrogen molecule. 
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FIGURE 1.34 Bond in the hydrogen molecular ion. One electron occupies the bonding 
molecular orbital providing a stabilization of AE magnitude. The bonding 
stabilization is only one half that of the hydrogen molecule. 


The Hydrogen Molecular Ion Consider two hydrogen nuclei with only one associated 
electron. The valence bond model predicts that no bond exists joining the two nuclei since 
the model requires the sharing of a pair of electrons between them. However, the hydrogen 
molecular (H5*) is known to exist. (Caution: The hydrogen molecular ion is not something we 
can prepare and put in a bottle as the cationic portion of a salt, as sodium ion is in NaCl. It exists 
only as a transient species in the gas phase in particular high-energy experiments.) We can 
understand the bonding in the hydrogen molecular ion using the molecular orbital model as 
shown in Figure 1.34. Note that the bond energy of the hydrogen molecular ion is only half that 
of the hydrogen molecule. 


DIATOMIC MOLECULES or THE SECOND Peniopic Row 


Constructing a Molecular Orbital Picture The main difference between con- 
structing molecular orbitals for the hydrogen molecule and constructing molecular orbitals for 
molecules of the second periodic row is the inclusion of the n = 2 orbitals. Since s orbitals have 
spherical symmetry, generating molecular orbitals from atomic 2s orbitals is fundamentally the 
same as that for 1s systems; they can be combined in only two ways to generate o bonding and 
o antibonding (6%) molecular orbitals. With p orbitals, however, there are two possible direc- 
tions of approach for the atomic orbitals. Addition and subtraction with an end-on approach of 
the p atomic orbitals leads again to б and 6% molecular orbitals. This mode of approach of the 
p orbitals maintains the cylindrical symmetry of the atomic orbitals in the resultant molecular 
orbitals. However, side-to-side approach of these types of orbitals leads to п molecular orbitals 
(т and т“). The cylindrical symmetry of the atomic orbitals is not maintained with this direction 
of approach. We need to recognize that with the p orbitals there are several symmetry charac- 
teristics present. In addition to the axis of symmetry (cylindrical symmetry), there is also a plane 
of symmetry; one half of the orbital is the mirror image of the opposite half. This symmetry 


40 ORGANIC CHEMISTRY 


characteristic (a plane of symmetry) is maintained in generating the л (and л*) molecular 
orbitals. The approaches of the 2s and 2p orbitals of second-row elements are illustrated in 
Figure 1.35a, producing molecular orbitals with energies as are approximated in the illustration 
of Figure 1.35b. 


Nitrogen and Fluorine Suppose we now place in this molecular orbital system the appropri- 
ate number of electrons for a homonuclear diatomic (the two atoms are of the same element) 
molecule of the second periodic row. Two examples are illustrated in the Figure 1.36a and 
Figure 1.366, the nitrogen molecule (№) and the fluorine molecule (Е) respectively. (Note: the 
exact energies of the resultant molecular orbitals are also dependent on the nuclear charges and may 
vary from system to system. We see this with the nitrogen and fluorine molecular orbitals wherein 
the order of energies is reversed for o and п derived from the 2p atomic orbitals. 
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Figure 1.35a Constructing molecular orbitals from 2s and 2p atomic orbitals. The 25 
orbitals, shown at the bottom, lead to o (bonding) and о“ (antibonding) 
molecular orbitals completely analogously to what was done with the 
hydrogen molecule system. The 2p, atomic orbitals also lead to o and o* 
molecular orbitals. (End-on approach of these atomic orbitals maintains 
the cylindrical symmetry of the atomic p orbitals in the generation of the 
molecular orbitals.) However, combination (addition and subtraction) of 
the 2p, and 2p; atomic orbitals with a side-to-side approach leads to a pair 
of x and a pair of л* molecular orbitals. (The x and x* molecular orbitals 
have a different symmetry than do the o molecular orbitals. That is, they 
have a plane of symmetry rather than an axis of symmetry.) 
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Figure 1.356 Energies of molecular orbitals constructed from n = 2 level atomic orbitals 
for diatomic molecules. In addition to the two o (bonding and antibonding) 
molecular orbitals constructed from the atomic 2s orbitals, two o (bonding 
and antibonding and four л (two bonding and two antibonding) molecular 
orbitals are constructed from the atomic p orbitals. The two x bonding 
molecular orbitals have the same energy. That is, they are said to be 
degenerate. The two antibonding п molecular orbitals are similarly 
degenerate. The values for the energies of the orbitals may in some instances 
be inverted. For example, with №, о; is higher in energy than are л; and Го. 


The concept of bond order is slightly different in the valence bond model than in the molec- 
ular orbital model. In the valence bond model, bond order is simply the number of electron pairs 
shared between a pair of atoms. With the molecular orbital model we need to consider both the 
bonding and the antibonding electrons. The bond order is given by: 


bond order = (number of bonding electrons — number of antibonding electrons)/2 


The molecular orbital description of bonding in both the nitrogen and the fluorine molecules 
is essentially identical to that obtained from the valence bond model. 


The Oxygen Molecule If we look at the oxygen molecule with a molecular orbital model 
(Figure 1.37) we see a quite different result from that produced by the valence bond model. 
Recollect the valence bond model for the oxygen molecule (Figure 1.29). Although the oxygen 
molecule we drew following the rules for constructing Lewis structures had a noble gas elec- 
tronic configuration about each oxygen atom and two bonds between the oxygen atoms, it did 
not correspond to the experimental reality of the oxygen molecule. The molecular orbital model 
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Figure 1.36a Valence shell molecular orbital description of the nitrogen molecule (М;). 
The 1s electrons for the two atoms are not shown. We place the ten valence 
level electrons (n = 2) in successively higher energy molecular orbitals in 
accord with the aufbau principle. The filling of а,“ offsets the filling of o; 
such that no bonding effect results from this set of electrons. The filling of 
the next three higher molecular orbitals results in a net bond order of three 
(one с and two т bonds). 


provides us with two (net) bonds between the oxygen atoms and corresponds with the experi- 
mental reality of two unpaired electrons in the molecule. 

The molecular orbital model accounts for the paramagnetic nature of the oxygen molecule. 
There is опе б bond and one (net) т bond. The molecular orbital model is better for the oxygen 
molecule than is the valence bond model since it gives us a description more in accord with 
experimental observations. 


1.10 MOLECULAR ORBITALS FOR 
ORGANIC MOLECULES 


Organic molecules are more complex than the homonuclear diatomics discussed in the previous 
section. However, organic chemists normally are not concerned with all of the bonds in a mole- 
cule (as we were with the homonuclear diatomics) but limit their attention to those bonds that are 
undergoing change in the chemical reaction of interest. The remainder of the molecule remains 
much the same after reaction as it was before reaction. Rather than considering the molecular 
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Figure 1.366 Valence shell molecular orbital description of the fluorine molecule (F2) 
containing 14 valence electrons. Again, 1s electrons are not shown. In 
addition to the levels filled in the nitrogen molecule, two higher д“ levels 
are filled, leading to a total bond order of one (one o and zero x bonds). 


orbitals of the entire molecule, organic chemists usually are concerned only with the molecular 
orbitals that describe the region undergoing change. We normally make the approximation of 
considering each 6 bond to be localized. The bonding and antibonding orbitals associated with 
that linkage are constructed by mixing two atomic orbitals, one from each of the connected 
atoms. This procedure is very similar to the one we used with the diatomics. 

For example, if we wish to focus on the carbon-fluorine o bond of Н;С-Е, fluoromethane, 
we construct o and 6% molecular orbitals for it by mixing the appropriate atomic orbitals from 
carbon and fluorine only, as is illustrated in Figure 1.38a (energy diagram) and Figure 1.38b 
(orbital shapes). 

When we mixed atomic orbitals to generate the molecular orbitals of the carbon-fluorine 
linkage, we used atomic orbitals of different energies. (We make estimates of the differences in 
atomic orbital energies from the electronic spectra of atoms.) Orbitals of unequal energy do not 
mix as efficiently as do two orbitals of the same energy, and thus there is a smaller gain in 
covalent bond strength as compared to when we use two orbitals of the same energy. 

We also use this partially localized molecular orbital model for looking at other organic 
molecules. Single bonds between carbons (or carbon and other atoms) are viewed in an entirely 
analogous manner to that described above for НзС-Е. When multiple bonds are present, we 
describe the л portion separately from the б portion. This is quite valid as the orbitals used in 
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Figure 1.37 Valence shell molecular orbital description of the oxygen molecule (О;). The 
two 1s orbitals from each atom are not shown. Following the aufbau principle 
for the filling of orbitals, the 12 valence level electrons are placed according 
to Hund's rule. That is, when several electrons are to be placed in degenerate 
levels, we locate one in each of the degenerate levels (x*) with the same spin 
and do not begin pairing them in any of the degenerate orbitals until each 
degenerate orbital is occupied by one electron. The molecular orbital model 
thus predicts that the oxygen molecule will have two unpaired electrons, in 
agreement with experimental measurements. 


each of the two types of bonds lie in perpendicular planes (we say they are orthogonal) and have 
minimal interaction with each other. For example, we describe the carbon-carbon double bond 
in ethylene (Н-С-СН;; see Table 1.2) in two separate presentations, one of the o bond and the 
other of the x bond. We can show them on the same picture (as in Figure 1.39), but we have no 
problem with talking about them entirely independently of each other since they involve orthog- 
onal orbitals. We generate the б portion using only two sp? hybridized orbitals and the л portion 
using only the two unhybridized p orbitals. The shapes of the resultant molecular orbitals are 
shown in Figure 1.40. 

Throughout this text we will continue to use the simplification that o molecular orbitals аге 
localized between adjacent atoms. We will consider extended interactions, that is, those beyond 
adjacent atoms, only for x systems to be discussed later. 

The views we get of bonds in organic molecules from the valence bond model and from the 
molecular orbital model are usually very similar. The major difference between the two meth- 
ods is that the molecular orbital model reveals information about antibonding molecular orbitals. 
The valence bond model tells us nothing about space for electrons other than those that are part 
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Ғісиве 1.38a Generation of molecular orbitals for a carbon-fluorine bond. This is а 
simplification of the full molecular orbital description of the molecule, but it 
is usually adequate for making chemical predictions. 


o 


FIGURE 1.38b Shapes of the molecular orbitals generated from atomic orbitals for the С-Ғ 
bond in fluoromethane. Each of the molecular orbitals is a o orbital 
(bonding and antibonding). As they are formed by end-on approach of the 
atomic orbitals each having an axis of symmetry (cylindrical symmetry) the 
resultant molecular orbitals similarly have cylindrical symmetry and are 
referred to as being of the o-type. 


of the electron-pair bond. If we wish simply to describe the bond(s) of a molecule at rest, this 
description is often sufficient. However, the concept of other spaces or energy levels for elec- 
trons is often useful for understanding what happens when molecules undergo changes such as 
electronic excitations or chemical reactions. 
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Figure 1.39 Molecular orbital diagram for the carbon-carbon double bond of ethylene. 
Both sp? hybrid orbitals lie along axes that are perpendicular to those axes of 
the p orbitals and thus do not interact with them. The orbitals described are 
localized over adjacent atoms. Other atomic orbitals present in the system are 
considered not to interact with those shown but do interact with each other 
to provide the remaining carbon-hydrogen molecular orbitals. 


* In the vast majority of instances, the bonds in organic molecules are best described as 
covalent bonds, that is, they involve a sharing of electrons between the nuclei. 


* The valence bond model for describing covalent bonds in organic molecules is histori- 
cally associated with Lewis structures (electron-dot pictures). It considers the overlap of 
orbitals containing a pair of electrons between them in such a way that there is a partial 
exchange of electrons associated with each nucleus, resulting in a bond between the 
atoms. This classical model of the electron-pair covalent bond is a simple model to use, 
and it generally provides good descriptions of bonds in molecules in their ground states. 
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Ғісиве 1.40 Shapes of molecular orbitals associated with a carbon-carbon double bond. 


+ The concept of hybrid orbitals is useful for describing the bonding in organic molecules. 
That is, bonding occurs using a mixture of two or more simple atomic orbitals from a 
given atom. 


* For certain molecules the description provided by the valence bond model is inadequate. 
Another way of understanding chemical bonds is through use of the molecular orbital 
model. 


* In the molecular orbital model, wavefunctions for the atomic orbitals of the interacting 
atoms are combined to generate new wavefunctions associated with both of the interact- 
ing atoms at the same time. For each atomic orbital used, a new molecular orbital is 
generated. Molecular orbitals that are lower in energy than the atomic orbitals from which 
they were generated are called bonding molecular orbitals. Electrons occupying them sta- 
bilize the association between the involved atoms. Those molecular orbitals higher in 
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energy than the starting atomic orbitals are known as antibonding molecular orbitals. If 
electrons occupy these orbitals, the association between the involved atoms is weakened. 

* Organic chemists usually use both the valence bond model and the molecular orbital 
model to describe the bonding in organic compounds and the reactions among those 
compounds. 


Terms to Remember 


The following list contains the terms emphasized and defined in this chapter. It is useful to 
understand these terms and be able to use them when discussing bonding in organic chemistry. 


structure formal charge т bond 

covalent bond tetrahedral geometry sp hybrid orbitals 

ionic bond VSEPR model resonance contributing forms 
electronic configuration trigonal planar geometry curved-arrow formalism 
aufbau principle valence bond model molecular orbital 

Pauli exclusion principle atomic orbital LCAO 

Hund’s rule hybridization bonding molecular orbital 
noble gas rule sp? hybrid orbitals antibonding molecular orbital 
reaction intermediate node bond order 

valence 6 bond 


Lewis structure sp? hybrid orbitals 


Problem 1.1 


How many valence level unshared electron pairs are present in each of the following 
molecules? 

a. water (answer) 

b. ammonia (МН) (answer) 

с. hydrogen cyanide (HCN) (answer) 


Problem 1.2 


Draw Lewis structures showing all bonds and valence level unshared electron pairs for 
each of the following compounds (the atoms are connected in the order indicated): 
BrCN (steps to solving the problem) 

OCO (answer) 

NN (answer) 

H3COH (answer) 

Н;СОСН; (answer) 

BrCH2CH20H (answer) 

FF (answer) 

НСО (answer) 


тоз го о бс о тр 


Problem 1.3 


For each of the following molecular formulas, write structures based on the common 
valences for each of the atoms present. Remember that hydrogen never forms more than 
one bond. 

C;H5Br (answer) 

CHCl; (answer) 

Мона (answer) 

СІ-СО (answer) 

C2N (answer) 


о о oP 


Problem 1.4 


Assign formal charges to every atom in the following Lewis structures: 
a) 
| H-S: | 
hydrogen sulfide ion 


(answer) 
b) 


ammonium ion 


( answer ) 
с) 
H H 
AN / 
СС 
H—C C—CZEN—O: 


/ N 


H H 


benzonitrile N-oxide 
( answer ) 
d) 


:0: 
H—O—S—O—H 
:0: 

( answer ) 


Problem 1.5 


Draw Lewis structures for each of the following, showing all unshared valence level 
electrons and indicating all non-zero formal charges 

diimide, МЭН» (answer) 

perchlorate anion, ClO, (central Cl atom surrounded by four O atoms) (answer) 
sulfur dioxide, SO, (sequence of atoms is OSO) (answer) 

ozone, O3 (O-O-O) (answer) 

formyl cation, НСО” (answer) 


оросв 


Problem 1.6 


How many H-C-H bond angles are there in a methane molecule? Draw a molecule of 
methane showing each tetrahedral H-C-H bond angle. (answer) 


Problem 1.7 


Consider the structure of methane shown in Figure 1.7. Choose any two hydrogen atoms 
along with the central carbon atom and note the plane defined by these three points. 
(Remember from geometry that three points define a plane.) Another plane is defined by 
the remaining two hydrogen atoms and the carbon atom. What is the angle between the 
two planes? Based on your answer, would you expect the two rings of spiropentane 
(С5Нз shown below) to be in the same plane, or to be tilted relative to each other at some 
angle? At what angle would they be tilted. 


"IN и’ 
ИХ 
Н2С CH2 


(answer) 


Problem 1.8 


Draw a structure representing the 2-butyne molecule (Figure 1.10) showing all of the 
bond angles with their appropriate values. 


(answer) 


Problem 1.9 


Draw the structures of each of the following molecules with the proper geometries about 
all carbon atoms, and indicate the size of all bond angles. 


a) СН.-СН,-СН, 
(answer) 


b  H,C-C-CH, 
О 


(answer 
c) Н,С--СН-С--СН 


(answer 


Problem 1.10 


Draw the orbitals used for each of the bonds present in the ethane molecule (see Figure 
1.8). 


(answer) 


Problem 1.11 


The ammonium ion, NH4', is known to have tetrahedral geometry. Describe the orbitals 
used in the formation of the four N-H bonds. 


(answer) 


Problem 1.12 


Describe the bonds, the orbitals used to form them, any unshared electron pairs, and the 
molecular geometry of each of the following molecules. 


a. ethylene | H»C=CH > | 
(answer) 
b. methyleneimine | H,C=NH | 


(answer) 


c. acetylene |нс=сн | 


(answer) 


Problem 1.13 


What is the percentage s character in the hybrids used by carbon in each of the molecules 
in Problem 1.12? Which molecules do you predict will have the shortest C-H bonds? 


(answer) 


Problem 1.14 
Write two resonance structures for each of the following molecules, showing formal 
charges on the atoms where appropriate. (Note: The formal charge on a given atom is not 


necessarily the same in all resonance structures of a particular molecule.) 


a) H,CNN (diazomethane, a yellow, toxic, potentially explosive gas sometimes used in 
organic syntheses.) 


(answer) 


b) HNNN (hydrazoic acid, the parent of azide salts) 


(answer) 


c) OOO (ozone, a highly reactive allotrope of oxygen) 


(answer) 


Problem 1.15 


a) For the three resonance structures of the carbonate anion as shown in Figure 1.28, start 
with the structure shown on the right and illustrate how the structures in the center and on 
the left can be generated from it using the curved-arrow formalism. 


(answer) 


b) The isocyanate ion has the connectivity NCO with a single negative charge. Draw two 
resonance structures for the isocyanate ion using the curved-arrow formalism to generate 
the second from the first, and clearly show the formal charges in each. 


(answer) 


Problem 1.16 


Using the curved-arrow formalism, write contributing resonance Lewis structure for each 
of the following ions: 


a) nitrite anion (ONO) 
(answer) 

b) acetate anion (НЗС-СО» ) 
(answer) 

c) thiocyanate ion (SCN) 


(answer) 


Problem 1.17 


In each instance, what is the outcome of the curved-arrow operation on the Lewis 
structure shown? Does it lead to another acceptable resonance structure? 


a) Qo: 


ИРА. чи 
zs 
(answer) 
b) - 


:C——N: 
Ж, 


(answer) 
а з а 
:C—N: 
(answer) 
d) xt 
Н, СММ: 
(answer) 
e) :0: 
3 
Рақ 
нс” “ен, 
(answer) 


ee + 
H C—O—NH, 
ы 


(answer) 


Problem 1.18 


Consider the use of a base to remove one hydrogen as a proton (H^) from the molecule 
shown below to form an anion of formula CgH;1O . Suppose the anion is formed by the 
removal of a proton from the -CH3 group shown on the left side of the molecule. Give a 
Lewis structure for this anion. Is there a second significant resonance structure you could 
write for this anion? If there is, draw it. Suppose the anion is formed by the removal of a 
proton from one of the three -CH3 groups shown on the right side of the molecule. Write 
a Lewis structure for this anion. Are there any other resonance structures you could write 
for this particular anion? If so, draw them. From which side of the molecule would you 
anticipate a proton to be removed more readily by a base if you were to perform the 
experiment? Explain your prediction. 


"E тн 
Н; KG ML 
CH; 


(answer) 


Problem 1.19 


As in Problem 1.18, consider the use of a base to remove hydrogen as a proton from the 
structure shown below. There are three types of hydrogen atoms in this molecule. Which 
would you expect to be attacked more readily by a base? Explain your prediction. 


hydrogen atom type b 


hydrogen atom 


typec ---” 


hydrogen atom type b 


(answer) 


Problem 1.20 


Use the curved-arrow formalism to show any other contributing resonance structure(s) 
for the benzene molecule, for which one structure is shown below. 


(answer) 


Problem 1.21 


Using the Lewis structure for the benzene molecule in the previous problem, state the 
orbital type used by the atoms in each of the bonds and the types of bonds they form. 
What geometry would be expected for this molecule? 


(answer) 


Problem 1.22 


Consider the bond formed when a proton (H^) reacts with a hydride ion (H: ). Is this bond 
any different from the bond formed by the combination of two hydrogen atoms? 


(answer) 


Problem 1.23 
Suppose we add a third electron to the hydrogen molecule, attempting to generate Ше H2 


species. Describe the bonding in this species and estimate the bond energy in kcal/mole. 
(See Figure 1.32) 


(answer) 


Problem 1.24 


Use the molecular orbital model to describe the bonding (if any) in each of the following 
species: 


a) He; 
answer 

b) He; 
answer 

C) Li; 
answer 

d) По“ 


Problem 1.25 


Does the molecular orbital model predict a strengthening or weakening of the bond 
between the two nitrogen atoms of № when an electron is removed from № to give №? 
Consider the fluorine-fluorine bond strength upon removal of an electron from F2 to give 
F,*. Is the bond stronger or weaker? Describe the bond order in Е," according to the 
molecular orbital model. 


(answer) 


Problem 1.26 


Consider adding energy to the nitrogen molecule (electronic excitation) to move the 
highest energy electron to the next available level. Draw the molecular orbital energy 
diagram for this excited nitrogen molecule. What is the bond order of the species? 


(answer) 


Problem 1.27 


The salt O2PtFs is one of an interesting group of materials that contain the Oo" ion. Give 
the molecular orbital description of the bonding in this ion. Is the oxygen-oxygen bond 
stronger or weaker in the ion than in the neutral oxygen molecule? Explain your answer. 


(answer) 


Problem 1.28 


Use the molecular orbital model to describe the carbon-carbon bond in ethane (Figure 
1.8). How does this description differ from a valence bond model description of the 
molecule? 


(answer) 


Problem 1.29 


Give a molecular orbital description of the carbon-nitrogen linkage of acetonitrile. 


H; С—С: 


(answer) 


Problem 1.30 


Write Lewis structures for each of the following molecules, inferring the presence and 
location of unshared valence level electron pairs: 


a) HOOH 
b) | H»NNH> 
с) CH3SH 


d) (CH3)2NH 


(answer) 


Problem 1.31 


Write Lewis structures for each of the following ions. Show all valence level electrons 
and all formal charges. 


a) HCO; 

b) CH3CH20— 
с) F 

d) (CH3)9NH;* 


(answer) 


Problem 1.32 


Assign formal charges to all atoms in each of the following Lewis structures, and give the 
overall charge of the molecule or ion. 


E D 
Н—С—С—0—н 
H " H 
шалы 
Н-С--С-н 
ü 
с) H H 
H—C—C—C—H 
H | H 
H—C—H 
н 


(answer) 


Problem 1.33 


For each of the compounds listed in Table 1.2 give the hybridization of each carbon atom 
present and the geometry of bonding about that carbon atom. 


(answer) 


Problem 1.34 


Give the hybridization of each of the carbon atoms in each of the following molecules: 


a) 


0: 
С 
H^ “сн; 
b) 
Н,С--С--О 
H 
a CH С 
2 М. 
н,с “cH, “сн, 
d) 


N=C—CH,—CH, 


(answer) 


Problem 1.35 

How many valence level unshared electron pairs are there in each of the following: 
a) carbon dioxide 

b) methanol 


с) amide anion 


(answer) 


Problem 1.36 


Give a Lewis structure for each of the following neutral molecules and ion. Show the 
presence of unshared valence level electron pairs and multiple bonds. 


a) СН;МН, 
b) CH3CHCH? 
с) CH30CH3 


d) (CH3)3B (Note: There are not sufficient electrons to provide every atom with a 
noble gas configuration. Boron has only six valence level electrons in this compound.) 


е) (NO) 


(answer) 


Problem 1.37 


For each molecule or ion in Problem 1.34, give a structure showing the complete 
geometry. 


(answer) 


Problem 1.38 
The bond angle in water is observed to be 104.57. Explain the observed angle in terms of 


the orbitals used to form the oxygen-hydrogen bonds and to hold the unshared valence 
level electron pairs. 


(answer) 


Problem 1.39 


One acceptable resonance structure of each of several molecules or ions is shown below. 
Use the curved-arrow formalism to deduce any other acceptable resonance structures for 
these species. 


+ ee - 
8) :N=N—O: 
b 
) H + .. - 
С--М--М: 
/ 
Н 
с) 
H :0: 
7-:С--СН--СН-С 
и CH, 
d) :0: 5 
/ 
OZN + 
\ 


(answer) 


Problem 1.40 


It is possible to remove a proton from a methyl acetate molecule by treating it with a 
strong base. There are two different anions (shown below) that could possible be formed 
in this reaction. Assuming that the proton will be removed such as to produce the more 
stable of the possible anions, predict which will actually be formed. Use the concept of 
resonance stabilization to support your answer. 


(answer) 


Problem 1.41 


Dimethyl sulfoxide is a common organic solvent often represented by the structure: 


0: 
S 
(Gu Nn 


Н; CH; 


a) How many electrons are present in the valence level of the sulfur atom as shown? 


b) Draw a Lewis structure for dimethyl sulfoxide, including formal charges, such that 
sulfur does not violate the octet rule. 


(answer) 


Problem 1.42 


A series of Lewis structures for the pyrazine molecule is shown below. Which of these 
are acceptable resonance structures for pyrazine? For each of those that are not 
acceptable resonance structures, explain why they are not. 


T „+ m 
H 2” Н М Н Н N H 
XY X “ту 
A Bc с” 
“Іс "xx ey 
qx да, ХТ 
не ^N Ўн Е Ху H 5 ET е 
р Е Е | 


(answer) 


Problem 1.43 


The nitrite ion (NO? ) has a different shape from the nitronium ion (М O2*). What are the 
two shapes? Which ion would be expected to have the longer (and thereby the weaker) 
nitrogen-oxygen bonds? Explain your reasoning. (Hint: First draw Lewis structures for 
the two ions, inferring the number of unshared valence level electron pairs and the 
number of bonds present.) 


(answer) 


Problem 1.44 


Do you expect the azide ion (N3) to be linear or bent? Why? Are there any resonance 
structures you can write for the azide ion? Draw a Lewis structure for the hydrazoic acid 
molecule (HNNN) and show all bond angles. 


(answer) 


Problem 1.45 
Draw a Lewis structure for the ozone molecule (O3). Can you write any resonance 


structures for it? Predict the bond angle in ozone and give your reasoning for your 
prediction. 


(answer) 


Problem 1.46 


Consider the Lewis structure shown below. Does it represent a stable neutral molecule, 
and ion, or a free radical? Explain your reasoning. 


H, C—CH—C—CH, 


CH; 


(answer) 


Problem 1.47 


Consider the structure of propene shown below. Compare the different negative ions that 
would be obtained by removing a proton from carbon 1 or carbon 3. One of these anions 
is more stable than the other. In the more stable of the two anions, the two carbon-carbon 
bond lengths are found to be identical. Which is the more stable of the two anions? How 
do you know? Why are two identical carbon-carbon bond lengths found in this anion, 
while two different carbon-carbon bond lengths are found in the less stable anion? 


12 3 
H, C—CH- CH; 


(answer) 


Problem 1.48 


Draw the two resonance structures for the anion produced by removal of a proton (H^) 
from one of the two CH; groups of acetone, shown below. 


(answer) 


Problem 1.49 


Draw a Lewis structure for boron trifluoride (BF3) in which the boron has only a sextet of 
electrons. Now, draw a resonance structure in which all of the atoms obey the octet rule. 
Assign formal charges. It is observed that Ше B-F bond length of BF3 is shorter than in 
BF, ion. Does this suggest that the second resonance structure you drew for BF; has any 
significance? Explain your answer. Would you expect the B-F bonds of BF; to be of 
equal lengths or to be of different lengths? Explain your answer. 


(answer) 


Problem 1.50 


Use the molecular orbital model to deduce the bond order in each of the following 
molecules or ions: 


a) C, (answer) 

b) CO (answer) 
с) NO (answer) 
d) C; (answer) 


Problem 1.51 


Use the molecular orbital model to describe the indicated bond in each of the following 
molecules or ions: 


a) H,C—C=C—H (the C=C Бола) 
(answer) 


b) H,C—O (the С=О bond) 
(answer) 


C) Н; С-І (the C-I bond) 


(answer) 


Problem 1.52 


In our molecular orbital model of the nitrogen molecule (N2) we ignored the 1s atomic 
orbitals from each of the nitrogen atoms. Consider including each of these atomic orbitals 
for generation of the molecular orbitals. Does it change the net bonding picture? Explain 
your reasoning. 


(answer) 


1.1a-answer 


There are two unshared valence level electron pairs in the water molecule, both 
associated with the oxygen atom. 


нон 


1.1b-answer 


There is only one unshared valence level electron pair in ammonia, located on the 
nitrogen atom. 


H—N——H 


H 


1.1c-answer 


There is a single unshared valence level electron pair in hydrogen cyanide, located at the 
nitrogen atom. 


H—C=N: 


1.2a-answer 


1. First, we must know the order of connection, either by experimental determination or 
as given in the problem. Here the order is Br-C-N. 

2. Next, we consider the valences of each atom. Bromine, with a standard valence of 1, 
will share one of its valence shell electrons to form one covalent bond to the central 
carbon atom. Carbon has a standard valence of four, so it will form four bonds. Since 
only one bond is to bromine, the other three must be to nitrogen. So, we can write a 
partial structure directly from the standard valences. 


Br—C—N 


3. Finally, we add unshared valence level electron pairs so as to provide all atoms with 
noble gas configurations. Bromine requires six more electrons, so we add three unshared 
pairs. Carbon already has a noble gas configuration — no extra electrons are required. The 
nitrogen atom needs two more electrons, so we show one unshared pair. The final 
structure is: 


:Br—C—=N: 


1.2b-answer 


0—C—O 


1.2c-answer 


:N=N: 


1.2d-answer 


H—C—O—H 


1.2e-answer 


1.2f-answer 
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1.2g-answer 
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1.2h-answer 


:0: 
Ц 
H^ ^H 


1.3a-answer 


1.3b-answer 
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1.3c-answer 


1.3d-answer 
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1.3e-answer 


“Х--С-С--М: 


1.4a-answer 


-1 
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hydrogen sulfide ion 


1.4b-answer 
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ammonium ion 


1.4c-answer 
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benzonitrile N-oxide 


1.4d-answer 
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1.5a-answer 


H-N-N-H 


diimide 


1.5b-answer 
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perchlorate anion 


1.5c-answer 
0=5=0 


sulfur dioxide 


1.5d-answer 


:0—0—— 0: 


1.5e-answer 
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1.6 answer 


There are six (6) separate H-C-H bond angles, each of 109"28', in the tetrahedral methane 
molecule. These may be summarized as: 

1 Hi-C-Ho (or Н2-С-Н1) 

2 H,-C-H, (or H3-C-H,) 

3 H,-C-H, (or H,-C-H |) 

4 Ho-C-Hs (or Нз-С-Н>) 

5 Њ-С-Н, (or H4-C-H5) 

6 Нз-С-Щ (ог H4-C-H3) 


1.7 answer 


There is an angle of 90* between the two planes. The two rings of spiropentane, having 
the same geometry about the central carbon atom as in methane, have an angle of 90* 
between them. 
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1.8 answer 


The two bond angles of 180° were shown previously. The remaining angles are 109728” 
for all of the H-C-H and H-C-C angles. 


2 109b28' yy 
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1.9a answer 


All bond angles are tetrahedral, 109°28'. Selected ones are shown. 


109Р28' 


109Р28' (© NG 
15 PC OS 


1.9b answer 


Angles about the central tricoordinated carbon are 120°. The remainder of the H-C-H and 
C-C-H bond angles are 109 28'. Selected angles are shown. 
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1.9c answer 


Angles are either 120° or 180°, as shown. 


120P 


1.10 answer 


The C-C and two of the C-H bonds 

are shown with orbitals. Only the 
positions of the remaining hydrogens 
relative to the carbons are shown - orbitals 
are omitted for clarity. 


1.11 answer 


The nitrogen atom uses four өр” hybrid orbitals to form four o bonds, one to each of the 
hydrogen atoms. Since nitrogen has one more electron than does carbon, the formation of 
four bonds requires the hydrogen atoms to supply only three electrons. Therefore, the 


resultant species has a positive charge (+1). 


1.12a answer 
Steps to solving the problem - 


1. First, consider the orbital hybridization used by each atom. Although each of the 
carbon atoms forms four bonds, it is attached to only three other atoms. The hybridization 
scheme we use to describe each must therefore by sp? with a single unhybridized p 
orbital. 


2. Next, consider what kind of bonds is formed with each orbital. The six hybrid 
orbitals are used to form o bonds, one to each of the four hydrogens of the molecule 
(which themselves use 1s atomic orbitals) and two to form the carbon-carbon o bond. 
The second bond between the two carbon atoms is formed by side-to-side overlap of the 
unhybridized p orbitals and is a x bond. It has a plane of symmetry in which all five of 
the o bonds lie. 


3. Finally, construct the appropriate bonds with the available orbitals and decide on 
the geometry of the molecule. In order to have the two p orbitals overlap efficiently to 
give the x bond, the o bonds must remain rigidly in the same plane. The six atoms of the 
molecule therefore all lie in the same plane, as shown in the illustration. 


C-C x bond 


1.12b answer 


First, consider the orbital hybridization used by each atom. The carbon atom forms four 
bonds, but is attached to only three other atoms. Therefore, the hybridization scheme 
must be sp. with a single unhybridized p orbital. The nitrogen is similarly hybridized, 
with the unshared electron pair occupying one of the sp? hybrid orbitals. 


What kinds of bonds are formed with each orbital? The hybrid orbitals necessarily are 
used to form o bonds. With carbon, one is used to bind to each of the two hydrogens, as 
is one from the nitrogen. Of course, the hydrogens themselves use 15 atomic orbitals. One 
hybrid orbital of each of the nitrogen and carbon are used to form the o bond between 
them. The second bond between the carbon and nitrogen atoms is formed by side-to-side 
overlap of the unhybridized p orbitals and is a x bond. It has a plane of symmetry in 
which all of the o bonds lie. 


The geometry of the molecule is planar. Again, in order to have the two p orbitals overlap 
efficiently to give the л bond, the o bonds of the system must remain rigidly in the same 
plane. The five atoms of the molecule therefore all lie in the same plane. 


1.12c answer 


Consider the orbital hybridization used by each atom. The carbon atoms form four bonds 
each, but are attached to only two other atoms. Therefore, the hybridization scheme must 
be sp with two unhybridized p orbitals. 


What kinds of bonds are formed with each orbital? The hybrid orbitals necessarily are 
used to form с bonds. One from each carbon is used to form the C-C с bond, and one 
from each carbon forms a o bond to hydrogen. Of course, the hydrogens themselves use 
15 atomic orbitals. The second and third bonds between the carbon atoms are formed by 


side-to-side overlap of the unhybridized p orbitals and are л bonds. 


The geometry of the molecule is linear. All four atoms of the molecule lie along a straight 
line. 


1.13 answer 


The carbon atoms of formaldehyde and methyleneimine are sp. hybridized. One-third, or 
33.3%, of the hybrid orbital is generated from an s orbital, so it has 33.3% s character. 
For the acetylene molecule the carbons are sp hybridized, and one-half (5096) of the 
hybrid orbital is s in character. 


As the greater s character of the sp hybrid orbital results in a shorter and fatter orbital, the 
C-H bond in acetylene is the shortest of the C-H bonds in the systems in question. 


1.14a - answer 
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1.14b - answer 


5 + е ура ДЕ 
H—N—N—N: <—~ H—N—N==N: 


1.14c - answer 


:0—0—0: 4 ——- — 10—0—0: 


1.15a - answer 


O (4) 
(3) An unshared pair (1) An unshared pair 
is moved from oxygen is moved from oxygen 
to form ал bond to form ал bond 
between oxygen and between oxygen and 
carbon carbon 
(4) A bonding pair (the (2) A bonding pair (the 
д bonding pair) is п bonding pair) is 
moved onto the oxygen moved onto the oxygen 


as an unshared pair as an unshared pair 


1.15b - answer 


:N——C——O: = —— МС 


In converting the left hand structure into the right hand structure, ап unshared electron 
pair is shifted from the oxygen to form ал bond to carbon, while at the same time a pair 
of л bonding electrons are shifted from the multiple bond between carbon and nitrogen to 
the nitrogen atom as an unshared pair. These shifts are indicated. For converting in the 
opposite direction, an unshared electron pair is moved from nitrogen to form а л bond 
with carbon, while at the same time a pair of x bonding electrons is shifted from the 
linkage between carbon and oxygen solely onto the oxygen atom. 


1.16a - answer 


806. 


1.16b - answer 


1.16c - answer 


ӘЛ АК 


S—C—N: чо :5--С--М: 


1.17a - answer 


Yes, this generates a valid resonance structure. 


1.17b - answer 


Е 2 + 


:C—=N: = :C N: 
K 


No, this generates a structure with additional charge separation and fewer bonds. 


1.17c - answer 


Ша 


см [> 0% 


This generates a structure with the charge at a more favorable site, but with fewer bonds. 
It is a minor contributing form to the true structure 


1.17d - answer 


YN 
H, peo E H, CNN. 


This is a valid resonance structure, but slightly less important as the charge is on a less 
favorable atom. 


1.17e - answer 
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This is a not a valid resonance structure as it introduces charge separation. 


1.17f - answer 


f) 
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H,C—0— NH, =- H,C—0—NH; 


This is a not a valid resonance structure as it involves a non-noble gas electronic 
configuration at nitrogen (10 electrons). 


1.18 - answer 


Removal of a proton from the -CH3 group on the left side of the molecule produces an 
anion for which two valid resonance structures may be written, although they are not of 
equal importance. They are: 


- ©: СНз O: CH, 
H,C—C—C—CH, <-> H,C—C—C—CH, 
CH; CH; 


Removal of a proton from а -СНз group on the right side of the molecule generates an 
anion for which only one valid Lewis structure can be written. 


ifs из = 
Н; сс е а. 
CH, 


(Note: removal of a proton from one of the other -CH3 groups on the right side of the 
molecule does not produce a different resonance structure.) 


If we were to challenge the original molecule with a base, a proton from the -CH3 group 
on the left side of the molecule would be removed preferentially as that reaction produces 
a stabilized anion while removal of a proton from а -CH3 group on the right side of the 
molecule does not. 


1.19 - answer 


Removal of a proton of type a generates an anion for which two resonance contributing 
structures may be written. 


For removal of each of the other two types of hydrogens, only one valid Lewis structure 
may be written for each. 
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Therefore, if challenged with a base, the original molecule would preferentially lose a 
proton from site a. This process would generate a resonance stabilized anion whereas 
removal of either of the other two types of hydrogens would not. 


1.20 - answer 


There are two equivalent resonance structures that may be written for the benzene 
molecule. 


1.21 - answer 


As each carbon atom forms bonds to three other atoms, we conclude that each of them is 
sp hybridized. Any sp? hybridized carbon atom forms three o bonds (one with each of its 
sp hybrid orbitals to each of the three attached atoms) and one д bond (using its 
unhybridized p orbital to another atom with an unhybridized p orbital). Since the 
hydrogen atoms have only their 1s orbital with which to form bonds, they each form one 
о bond to the attached carbon atom. The л bond formed by each carbon atom must be to 
another (adjacent) carbon atom. Since sp” hybridization results in a trigonal planar array 
of the hybrid orbitals with the atom as the center point, the geometry about each carbon 
atom must be trigonal planar. Overall, this results in the entire molecule (all twelve 
atoms) being completely planar. 


1.22 - answer 


No. The H-H bond is the same no matter what the source of the electrons. Consider the 
molecular orbital diagram as shown in Figure 1.32. The molecular orbitals are 
constructed from the wavefunctions for the hydrogen atoms without any electrons being 
involved. It is only after they have been constructed that we add in some number of 
electrons. The atomic wavefunctions themselves do not change with the number of 
electrons present. We could just as well have both electrons being provided by only one 
of the atoms. The energy and nature of V, would remain the same. 


1.23 - answer 


The "third" electron would be placed in the lowest energy orbital available. That is, it 
would be placed in V^, as P; is completely filled with the hydrogen molecule. While 
there is this space in which to place the "third" electron, it is placed in an antibonding 
orbital and thereby destabilizes the system relative to the hydrogen molecule, which has 
electrons only in the bonding molecular orbital. It will destabilize the system by the 
amount AE, which is the energy difference between the atomic orbitals (zero reference 
level) and Чо. Since 2AE is the amount of stabilization provided by the two electrons in 
the bonding molecular orbital, subtracting AE from this stabilization by placing one 
electron in the antibonding molecular orbital leaves a net stabilization of AE for the Но 
species. Since the experimental bond energy for the hydrogen molecule (2AE) is 104 
kcal/mole, the net stabilization for the Н» species is 52 kcal/mole. 


1.24a - answer 


First, construct the molecular orbital energy diagram for the system. This is the same 
molecular orbital system we used to describe the bonding in the hydrogen molecule. That 
is, the atomic orbitals from which a pair of molecular orbitals for the Не» molecule would 
be constructed are the same as those we used for the Н» molecule. Thus, we have the 
same molecular orbital energy diagram. 


Next, we consider the number of electrons to occupy these orbitals. A total of four 
electrons must be placed in the available orbitals, and they will occupy those orbitals in 
the manner shown in the accompanying figure. 


Now, consider the stability of this electronic configuration. The destabilization 
introduced by the pair of electrons in the antibonding level cancels any stabilization from 
the electrons in the bonding level, so no overall bond exists. No Не; molecule has, in fact, 
ever been detected, a result we would predict from the molecular orbital analysis just 
given. 
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Four electrons are placed in the lowest available energy levels (orbitals). They fill both 
the bonding and the antibonding orbitals. 


1.24b - answer 


We approach this problem in the same manner as we did the previous part. First, we 
construct the molecular orbital energy diagram for the system. This is the same molecular 
orbital system as was used in Problem 1.24. 


However, when we consider the number of electrons to occupy these orbitals we find a 
difference. There are only three electrons to be placed in these orbitals, and we do so as 
shown in the accompanying figure. 


When we consider the stability of this electronic configuration we find that there exists 
one more electron in the bonding level as compared to the antibonding level. Thus, there 
is a net bonding stabilization, similar to that of the Но“ species. 


Energy molecular orbitals 
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Three electrons are placed in the lowest available energy levels (orbitals). They fill the 
bonding orbital, but only half-fill the antibonding orbital. 


1.24c - answer 


A new factor is introduced with the Li? molecule compared to the He» system. The 
valence level is no longer the n=1 quantum level, but rather the n=2 quantum level. The 
n=] quantum level is completely filled. If we do consider interactions of the 15 orbitals of 
the lithium atoms, we simply generate the situation as we saw with the He? molecular 
orbital system, the stabilization and destabilization associated with filling both the 
bonding and antibonding orbitals cancel and no bonding results. We must, with Li» look 
to the valence level which is now n-2 and the 25 orbitals. The 25 orbitals, as with the 15 
orbitals, have spherical symmetry and will produce the corresponding o bonding and с 
antibonding molecular orbitals. (We generally refer to the bonding orbitals simply with 
the representation of the type of orbital they are, "o" in this instance, and antibonding 
orbitals with the representation and an * added, "o*" in this instance. Constructing the 
total molecular orbital system for Li», we get the result as shown in the accompanying 
figure. (In the future we will generally omit "core" electron orbitals from our 
considerations, understanding that bonding and antibonding effects from them would 
cancel.) 


The total bonding effect comes from filling the б molecular orbital generated from the 25 
atomic orbitals from the two lithium species. This bonding stabilization amounts to 2AE, 
placement of each electron in the o molecular orbital generated from the 2s atomic 
orbitals providing AE amount of stabilization relative to leaving those electrons in the 2s 
atomic orbitals of the lithium atoms. 
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The molecular orbitals from the 1s atomic orbitals are completely filled, providing no 
bonding stabilization. However, the bonding molecular orbital generated from the 2s 
atomic orbitals is completely filled and no electrons are placed in the antibonding orbital 
generated from those same atomic orbitals. Thus, there is bonding stabilization as shown 
equaling 2AE. 


1.24d - answer 


This is similar to 1.24c'-answer except that there is only one valence level (25 level of the 
lithium atoms) electron to be placed. As both the bonding and antibonding molecular 
orbitals generated from the 1s atomic orbitals of lithium are filled, this valence level 
electron is placed in the bonding molecular orbital (б) generated from the 2s atomic 
orbitals of lithium. The resultant stabilization thereby is only AE, one-half the amount for 
the Li» species. (See accompanying figure.) 
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Only one electron is to be placed in the bonding molecular orbital derived from the 25 
atomic orbitals of lithium. Thus, the bonding stabilization (as shown) equals AE. 


1.25 - answer 


We need to consider the molecular orbital energy diagram for the Хо” species. (See 
accompanying figure.) This species contains one fewer electron than does the neutral 
molecule. We need to subtract that electron from the highest energy molecular orbital in 
which an electron (or electrons) is located, specifically the о; molecular orbital. Removal 
of an electron from a bonding molecular orbital results in less bonding stabilization than 
was present with the parent molecule, thus weakening the bond between the nitrogen 
atoms. 


If we remove an electron from the highest occupied molecular orbital of fluorine (see 
accompanying figure) we will be allowing a greater bonding stabilization between the 
two atoms since the electron is removed from an antibonding orbital. The bond order for 
the Е,” ion would then be described as one с bond and one-half л bond. 
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Removal of one electron from the nitrogen molecule leaves one fewer electron in a 
bonding orbital resulting in a lower bonding stabilization for the cation (two x bonds and 
only one-half o bond). 
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Removal of a single electron from the highest occupied molecular orbital of the fluorine 
molecule leaves a cation. Since this orbital is an antibonding orbital (a л“ orbital) the net 
bonding stabilization is increased. There is additional bonding stabilization equivalent to 
one-half of a x bond as a result of this loss of an electron. 


1.26-answer 
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Elevation of a single electron from the highest occupied molecular orbital of the nitrogen 
molecule to the nest higher energy orbital available (the lowest energy unoccupied 
molecular orbital) involves a net loss of binding stabilization. The removal of the electron 
from a bonding molecular orbital (a o molecular orbital) and its placement in an 
antibonding molecular orbital (a л“ molecular orbital) reduces the total bonding situation 
by one-half of a о bond and one-half of a x bond. The bond order of the resultant species 
would be described as one-half с and one and one-half л bond. 


1.27 - answer 


Construction of the molecular orbital energy diagram for the О; species involves 
removal of an electron from the highest energy occupied molecular orbital of the neutral 
oxygen atom. Since that orbital is a 1% molecular orbital (see accompanying figure), 
bonding stabilization is gained by its loss. As a result, the bonding between the two 
oxygen atoms is greater than in the neutral oxygen atom. Specifically, we can now 
describe it as having one o bond and one and one-half л bonds. 
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Removal of an electron from а л“ orbital leaves the species with a net one o bond and 
one and one-half x bonds. 


1.28-answer 
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Each of the atoms uses an sp? hybrid orbital to generate the o and 6% molecular orbitals. 
In the ground state, the electron pair occupies the o molecular orbital (bonding). With the 
valence bond model only the bonding condition is noted; no space is provided for any 
additional electrons to be added to the system. 


1.29-answer 
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The triple bond between the carbon and nitrogen atoms of acetonitrile is made up of ao 
bond formed using the sp hybrid orbitals from each atom, and two degenerate л bonds, 
generated from the unhybridized p orbitals from the two atoms. Only the bonding 
molecular orbitals are filled; the antibonding orbitals remain empty in the ground state 
molecule. 


1.30-answer 
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1.31-answer 
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1.32-answer 
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overall +1 charge 


overall -1 charge 


overall +1 charge 


All atoms not showing charge are of zero formal charge. 


1.33-answer 


For the following molecules, the single carbon atom in each is sp? hybridized and 
exhibits tetrahedral geometry in its bonding: 

methane 

dichloromethane 

methylamine (aminomethane) 

bromomethane 

methanol 


In acetonitrile, there are two carbon atoms. The one of these that is directly attached to 
nitrogen is sp hybridized and has linear geometry in its bonding. The other carbon atom, 
attached to three hydrogen atoms and the sp hybridized carbon, has sp? hybridization and 
tetrahedral geometry in its bonding. 


Two of the molecules, acetylene and carbon dioxide, have only sp hybridized carbon 
atoms. 


The remaining three molecules (ethylene, formaldehyde and methyleneimine) have only 
sp? hybridized carbon atoms and trigonal planar geometry in their bonding. 


1.34-answer 


The hybridizations are as shown: 
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1.35-answer 


Structures with unshared valence level electron pairs are shown. 


a) 


о-с-0 four electron pairs 
D H igi two electron pairs 
H 
с) "E 
H—N: two electron pairs 


1.36-answer 


Structures with unshared valence level electron pairs are shown. 
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1.37-answer 


The geometry about each carbon is as shown: 


trigonal planar 
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N=C—CH, —CH, 


NI 


tetrahedral 


1.38-answer 


The observed bond angle is slightly less than the "tetrahedral angle" of 109°28', but very 
significantly larger than that of Cartesian axes (90^) that would be involved with p 
orbitals. We rationalize the observed angle by noting that the oxygen uses sp! hybrid 
orbitals for both bonding to hydrogen and holding unshared valence level electron pairs. 
The observed bond angle is decreased from 109 28' because the repulsive interaction of 
the two unshared valence level electron pairs in өр? hybrid orbitals is greater than that 
between bonding electron pairs or between bonding electron pairs and unshared valence 
level electron pairs. This repulsive interaction pushes the valence level unshared electron 
pairs farther apart (angle greater than 109°28') and simultaneously causes the (less 
interacting) bonding electron pairs to be moved closer together, decreasing the observed 
bond angle. 


1.39-answer 
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1.40-answer 


The proton will be removed preferentially to generate the anion shown below as it is 
stabilized by charge delocalization (as shown) to the (original) C=O oxygen. 


:0: 
s № ен | 
РУМИ е 3 че > СК = „СВ; 
Hc 0 H,C— то 
For the other anion, the charge as indicated is localized on the carbon and can not be 
delocalized. Thereby, removal of a proton from this particular carbon to generate the 
indicated anion is disfavored relative to removal of the other type of proton to generate 


the anion shown above. 


1.41-answer 


As shown, the sulfur has ten valence level electrons shown. This is not necessarily 
improper, as sulfur is in the third period and such additional electrons are available at the 


valence level. 


A Lewis structure can be drawn with only eight valence level electrons about sulfur, as 
shown below. 


:О 


m 
о 


H3C Н; 


1.42-answer 
Structures A and E are acceptable resonance structures. For the others: 


B involves fewer bonds than do A and E and has a separation of charge. 

C has fewer bonds than do A and E and has two unpaired electrons, as well as violates 
the octet rule (noble gas rule) for each of the nitrogen atoms. 

D has the same number of bonds, but the formation of one of them would seriously 
distort the molecule from the geometry of A and E and thereby would involve a 
significant excess of energy. 

F not only involves a separation of charge, but also different locations for the atoms 
(different connectivity) compared to A and E. 


1.43-answer 


We would write the following Lewis structures for each of the nitrite and nitronium ions: 


:О: 
:О: ПІ 
1 N " 
“0 1 :0: 
nitrite nitronium 


The nitrite anion involves a trigonal planar (sp” hybridized) nitrogen atom whereas the 


nitronium ion is linear with an sp hybridized nitrogen atom. There is an additional 
resonance structure that may be written for the nitrite anion wherein the negative charge 


is located on the alternative oxygen atom. The longer (and weaker) nitrogen-oxygen 
bonds would be associated with the nitrite anion; they are midway between being double 


and single bonds while those in the nitronium ion are clearly double bonds. 


1.44-answer 


We approach this problem by first writing a Lewis structure for the azide ion. 


.. + o 
МММ 


The central nitrogen is sp hybridized, and thus would exhibit linear binding to its two 
attached atoms. The entire species is thereby linear rather than bent. 


180P 
The terminal nitrogen atoms are sp” hybridized. Thereby, the NNH bond angle is 120°. 


1.45-answer 


A Lewis structure for ozone would be written as follows: 


0=0—0: 


The central oxygen in these structures is sp” hybridized. As a result, the bond angle 
should be approximately 120° 


1.46-answer 


The "abnormal" site in the Lewis structure is the tricoordinated carbon atom. As there are 
three bonds to this carbon and no other valence level electrons associated with it, we 
conclude that it is a cation. The charge should be shown as indicated below: 


+ 
H, xd = 


CH; 


1.47 -answer 


We need first to write Lewis structures for the two anions: 


1 2 3 I 2 3 
HC—CH—CH, H,C—CH—CH, 
removal from C-1 removal from C-3 


For removal from C-1, the pair of electrons bearing the net charge is in an sp ? hybrid 
orbital on C-1. However, for removal from C-3, we can draw an additional resonance 
structure indicating the negative charge to be delocalized between C-3 and C-1. 


1 2 3 12 3 
H, C—CH-CH, <-> Н,С--СН-СН, 


Since we can write such resonance structures for removal of the proton from C-3 but not 
from C-1, we conclude that removal of the proton from C-3 leads to the more stable 
anion. Furthermore, for this anion each carbon-carbon bond has the same bond order and 
will have the same length. This is not true for the anion derived by removal of a proton 
from C-1. 


1.48-answer 


The two resonance structures have the negative charge delocalized between carbon and 
oxygen. 


1.49-answer 


The simple Lewis structure for BF3 is as follows: 
fox “ E: 


| 
:Е: 


We can draw a resonance structure wherein all atoms obey the octet rule as follows: 


Since we could write such a resonance structure involving each of the three fluorines, all 
bond lengths would be the same. We would also expect the bond length to be shortened 
by such resonance structures as we are introducing double bond character to the B-F 
linkage. This type of delocalization would not be possible with Ше ВЕ, ion, so its bond 
lengths are longer than those in BF3. 
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1.50b-answer 


molecular orbitals 
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1.50c-answer 


Energy molecular orbitals 
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1.50d-answer 
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Bond order of 2.5 - 1 6 and 1.57 
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1.51b-answer 
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1.52-answer 


Inclusion of the 1s atomic orbitals would not change the bonding picture for the nitrogen 
molecule. Since there are two electrons in each of the nitrogen atoms' 15 atomic orbitals, 
both the bonding and antibonding molecular orbitals produced by mixing the atomic 
orbitals would be filled. Thus, no net bonding stabilization would be gained. We would 
simply be adding to the total picture the molecular orbital description for the He» species, 
for which no bonding stabilization is present. 


INTRODUCTION TO ORGANIC 
COMPOUNDS: FUNCTIONAL 
GRouPs, NOMENCLATURE, 
AND REPRESENTATIONS 

or STRUCTURE 


2.1 INTRODUCTION 


FUNCTIONAL GROUPS 


The number of known organic compounds is vast, and many new organic compounds are 
discovered every year in nature or are synthesized in the laboratory. However, a unique molec- 
ular structure can be assigned to each, and considerable order is brought to the discipline of 
organic chemistry by using systematic methods to classify and name organic compounds on the 
basis of their structures. These methods are introduced in this chapter. 

Early organic chemists quickly recognized that compounds containing similar structural fea- 
tures usually have chemical similarities. They began to classify compounds on the basis of 
common structural arrangements known as functional groups. This classification system con- 
tinues to be useful. You will find that through the study of the chemistry of simple compounds 
containing just one functional group, you will accumulate knowledge that can be extended to 
more complex compounds containing several or many functional groups. 


ALKANES 


The simplest organic compounds contain only carbon atoms and hydrogen atoms connected 
by single bonds. (Each carbon atom is connected to four other atoms, either hydrogen or 
carbon, and thereby is considered sp? hybridized.) Such compounds are classified as alkanes. 
Although they undergo combustion reactions readily (methane is natural gas and propane is 
the fuel used in backyard gas barbecues), they are, in general, the least reactive of the families 
of organic compounds. While rather bland in terms of chemical reactivity, the alkane structure 
does constitute the canvas upon which the chemistry of the more colorful functional groups is 
painted. 
All open-chain alkanes share the general formula 


С +2 
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where n is an integer (the number of carbon atoms present). An open chain alkane is one in 
which no rings of carbon atoms are present. An example is shown with the three-carbon alkane 
propane in 2.1. Although a gas at room temperature and atmospheric pressure, propane can be 
liquefied under pressure with relative ease—as mentioned above—it is the bottled gas 
commonly used for heating and cooking. 

If one or more rings are present we refer to the compound as a cycloalkane. Cycloalkanes have 
different general formulae depending on the number of rings present. That is, for each ring present, 
the number of hydrogens in the general formula decreases by two. For the simplest cycloalkane, 
cyclopropane (2.2), the formula is C3H,, fitting the formula of C,H»,. 

Methane (СНа) is the simplest alkane. It is the major component of natural gas and is also 
produced from carbon dioxide by a class of anaerobic bacteria. This process has become an 
important source of atmospheric methane and may contribute to the greenhouse effect. Hexane 
(2.3) is a liquid alkane that is commonly used in organic chemical processes as a solvent. 


propane 
2.1 

The propane molecule has three carbon atoms (n = 3) and eight hydrogen atoms [(2x3) + 2] 

from n=3. 


cyclopropane 
2.2 


The cyclopropane molecule has three carbon atoms (n = 3) and six hydrogen atoms (2 x 3) 
for n = 3 in the general formula C,H;, 


H 4H H " 
" хай Мын он 
РА о bora NH 
H^ N ES 
hexane 
2 


Hexane is an alkane that is a liquid at room temperature and atmospheric pressure. 
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alkane alcohol 
FIGURE 2.1 Structural relationship between an alkane and an alcohol. 


Gasoline consists primarily of a mixture of liquid alkanes having from six to ten carbon 
atoms. Some open-chain alkanes occur naturally in living biological systems, for example, as 
protective coatings on the surface of fruits and vegetables. We will begin our discussion of the 
chemistry of alkanes in Chapter 4. 


ALCOHOLS 


Imagine a hydroxyl group (-OH with two unshared valence level electron pairs at oxygen) in 
place of one of the hydrogen atoms of an alkane, as shown in Figure 2.1. Such a compound is 
called an alcohol. All alcohols contain a hydroxyl group attached to an sp? hybridized carbon 
atom. The simplest alcohols are methanol (2.4) and ethanol (2.5). We will study in detail the 
alcohols as a family of compounds in Chapters 5 and 6. Their chemistry is particularly rich and 
illustrates many important principles of organic chemistry. 


H H 
Т | | 
| H H 
methanol ethanol 
(methyl alcohol) (ethyl alcohol) 
2.4 2.5 


OTHER FUNCTIONAL GROUPS 


Other families of compounds contain different functional groups. Some important functional 
groups and names of compounds containing them are summarized in Table 2.1. The chemistry 
of these and other functional groups will be studied in depth as we proceed through this course. 


2.2 NAMING AND REPRESENTING STRUCTURES 
OF ORGANIC COMPOUNDS 


INTRODUCTION 


As noted in the previous chapter, the structures of organic compounds are critical for determining 
the chemical reactions they undergo as well as their physical characteristics. With this under- 
standing, chemists have devised methods for naming organic compounds based on their structures. 
Similarly, structures can be deduced from the names if a set of rules are followed. This approach 
toward nomenclature is said to be systematic. A committee of the International Union of Pure and 
Applied Chemistry (IUPAC) devised the set of rules that are followed in this systematic method of 
nomenclature. An introduction to the IUPAC method will be a major theme in this chapter. 


52 ORGANIC CHEMISTRY 


ТАВІЕ 2.1 Common Functional groups. 


Functional Group Name of Group Example (Compound Class of Compound 
Containing group) 


== Он hydroxyl HC — OH alcohol 
к=: NH 2 amino H4C— NH, amine 
ON: cyano (or cyanide) H3C — CEN: nitrile 
52 E 24 carbon-carbon double H,C=CH, alkene 
7 X bond 
с=с carbon-carbon triple НС--СН alkyne 
bond 
H 
| =6 carbonyl x (у aldehyde or ketone 
Н 
carboxyl ES carboxylic acid 
ж сео 
НО HO 
Т alkoxyl ether* 
m (ше сн;осн; 
Н 


«Тһе oxygen atom of an ether is connected to two carbon atoms. 


Methods other than the IUPAC method are at times used to name organic compounds. 
Common or trivial names (names that may convey little or no structural information) are often 
used by chemists in their everyday conversations. At times these names are older ones that pre- 
dated attempts to systematize nomenclature or even predated the time when chemists had any 
knowledge about structure. These earlier names have persisted because of their widespread use 
in the laboratory, classroom, commerce and communications media. Common names are also 
invented for new compounds if their IUPAC names are so cumbersome as to be unsuitable for 
everyday use. Two examples will serve to illustrate this point. 

The molecule commonly known as cubane is shown as 2.6. Its IUPAC name, while system- 
atic and technically conveying information concerning its structure, in addition to being 
unwieldy does not convey the concise physical description as does the common name. 

The much heralded molecule consisting of 60 carbon atoms (and no other atoms) arranged 
into a more-or-less spherical array, is produced most easily by striking an electrical arc between 
graphite electrodes. The array of five and six membered rings in this compound, shown as a 
model in structure 2.7, is reminiscent of the design by Buckminster Fuller for construction of 
geodesic domes (as well as the panels of a standard soccer ball). Thus, several common names 
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С Сб 
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H H 
pentacyclo[4.2.0.0?? 0° 8 04, loctane 
(cubane) 

2.6 


Carbon atoms of cubane are numbered for nomenclature purposes. 


Buckminster Fullerene 
(С „-Г, [5,6]fullerene 


2.7 


have arisen for this compound (aside from Се) recognizing this relationship (Buckminster 
Fullerene, Fullerene, and even Buckyball.) Recognizing that the standard IUPAC nomenclature 
provides a systematic but tremendously unwieldy name for this compound, IUPAC initiated a 
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study aimed at providing systematic yet manageable names for compounds in this category. The 
approach toward systematic nomenclature of the “fullerenes” recognizes symmetric elements 
within the structure; thus, the parent compound now has the IUPAC designation of 
(Coo-/,)[5,6] fullerene indicating it bears 60 carbon atoms in a caged structure (fullerene) with 
symmetry of point group 7; and contains 5- and 6-membered rings of carbon atoms. 

A main advantage of the IUPAC system is that it provides a systematic organization and doc- 
umentation of organic chemistry. Imagine that you are a chemist who has isolated a compound 
from a plant and deduced its structure. You would like to know what (if anything) is recorded in 
the chemical literature about this and related compounds. Knowing the structure, you can use 
the IUPAC rules to provide a systematic name for the compound. Using the same name as any 
other chemist would give to this compound enables you to search the documented literature in 
a systematic way. Even if you find the compound to be previously unknown, giving it a system- 
atic name specifies its structure for other chemists. 

Before the IUPAC system was introduced, other attempts had been made to systematize the nam- 
ing of organic compounds. Some of the names that evolved remain in common usage. The IUPAC 
rules often allow some rudiments of the earlier systems to be incorporated into an IUPAC name. 


STRAIGHT-CHAIN ALKANES 


A straight-chain alkane is one in which all of the carbon atoms are connected in a continuous 
sequence. There is no branching of the chain. In any open-chain alkane, а НзС- group is located 
at the terminus of each chain; with a straight-chain alkane there are only two such termini. For 
branched-chain alkanes there will be some greater number of such termini. The names of the ten 
smallest straight-chain alkanes are given in Table 2.2. These names must be learned because they 
form the basis for naming other compounds using the IUPAC method. 


STRUCTURAL REPRESENTATIONS 


We can represent the structures of organic molecules in various ways. For example, consider 
hexane, shown in Figure 2.2. We could draw a complete structure with all carbon-carbon and 
carbon-hydrogen bonds shown. Usually, however, more condensed structures are preferred. 


ТАВІЕ 2.2 Names of Straight-chain Alkanes with One to Ten Carbon Atoms. 


Structure IUPAC Name Formula 
СН, Methane СН, 
СН;СН; Ethane C2H6 
CH;CH;CH; Propane С 
СЊСЊСЊСНза Butane САН) 
СН:(СН,)зСН; Pentane С Но 
СН-(СН,)4СН; Нехапе СН 
СН.(СН>)5СНз Heptane С, Нав 
СН-(СН,)СН; Осіапе СНз 
СН:(СН,)5СН; Nonane СН 


СН-(СН,)СН; Песапе CH2 
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FIGURE 2.2 Representations of the structure of hexane. 


CH4CH;CH;CH; [— 5» е мы 
H,C—CH —CH,CH P 
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FIGURE 2.3 Examples of condensed structures and their equivalent abbreviated or 
skeletal representations. 


They are quicker to draw, occupy less space, and are less cluttered in appearance. One shorthand 
notation (as used in Table 2.2) uses parentheses to show a succession of methylene (-CH; –) 
groups. An alternative method uses a zigzag line to represent the carbon skeleton. When this last 
method is used, each break in the zigzag line represents a carbon atom. 

When viewing a condensed structure of the zigzag or skeletal type, we keep in mind that all 
carbon atoms form four bonds in stable molecules. If the zigzag structure shows fewer than four 
bonds for a particular carbon atom, the remaining bonds of that carbon are understood (by 
default) to be to hydrogen. For example, in Figure 2.2, the far left-hand carbon of the zigzag 
structure of hexane has only one bond shown to it. It is understood that this carbon is also bound 
to three hydrogen atoms. Similarly, just two bonds are shown to each of the internal carbon 
atoms. It is understood that each of these carbon atoms forms the remainder of their four bonds 
to hydrogen. 

There are other conventions that we follow when using skeletal representations. Atoms other 
than carbon must be shown specifically, and hydrogen atoms attached to atoms other than carbon 
(heteroatoms) must also be shown. Further examples of skeletal representations are shown in 
Figure 2.3. 

We also use parentheses to designate branches along a chain. For example, the four struc- 
tures shown in Figure 2.4 all represent the same molecule, 3-methylpentane. 

The limitations of a two-dimensional page result in organic structures being presented as flat. 
Real organic molecules are usually not flat. Therefore, you should exercise particular caution 
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when looking at structures. Two-dimensional representations of three-dimensional structures 
often do not even show the correct bond angles in the molecule. Later, we will see examples that 
illustrate this need for caution in handling two-dimensional representations. 

A common problem for beginners in organic chemistry is recognizing that different diagrams 
actually represent the same molecule. For example, all six structural diagrams in Figure 2.5 
represent the pentane molecule. We can recognize that all these structures are equivalent by 


ү 
CH5CH; = CHCH;CH; 


CH4CH;CH(CH4)CH;CH; 


Figure 2.4 Representations of the 3-methylpentane molecule. 


Т” 
CH;—CH,—CH,— CH, 


CH4,—CH,—CH,— CH, —CH; 


CH, CH; 
CH, CH, 
I 
CH; 


H5C == СН; 
нс — СН, 
СН 
3 сн; 


| 
ныс —CH,—CH, 
CH; 


Ғісиве 2.5 Representations of the pentane molecule. 
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realizing that all show exactly the same connectivity. That 1s, they have the same sequence of 
bonded atoms. For example, all six have a continuous sequence of five bonded carbon atoms. One 
way you can see this is by starting at one end of the structure with a pencil point and continuing 
to the other end without lifting the pencil. In each instance you pass through five carbon atoms in 
going from one end to the other. AII six of these structures have the same connectivity and rep- 
resent the same pentane molecule. Some structures may simply be more convenient than others 
for showing a particular aspect of the structure or chemistry of pentane. 


МорЕ!$ or ORGANIC MOLECULES 


It is especially useful to work with molecular model kits to help you understand the intricacies 
of organic structure. Models allow us to view the full shape of molecules from all directions. As 
you become more experienced in viewing and working with organic structures you will find that 
you need models less frequently than at the beginning. Even so, it is always useful to have them 
at hand since they are invaluable for understanding the more subtle points of organic structure. 
At times we will ask you to build models for particular structures and view them as an aid for 
understanding these subtle, yet highly important aspects of organic structure. 

The simplest models are nothing more than ball-and-stick representations of molecules. 
We've seen several of these earlier in Chapter 1. The ball portion represents an atom, and the 
stick portion represents a bond between atoms. In many instances no actual *ball" is used for an 
atom, but simply the intersection of "sticks." Several views of a ball-and-stick model of 
methanol (CH3OH) are shown in Figure 2.6. With more sophisticated models (e.g., space-filling 
models), the “balls” are truncated spheres that are joined directly in an attempt to show the 


Figure 2.6 Ball-and-stick models of methanol. Several views of the same model are 
shown. Again, black represents carbon, white represents hydrogen, and red 
represents oxygen. 
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actual scale of internuclear distances and the “sticks” are eliminated. While space-filling models 
represent more accurately the actual dimensions of molecules, they are often not as convenient 
for viewing structural relationships of atoms within those molecules. (You can “see through” 
ball-and-stick models, but not space filling models.) You will probably find that the simpler 
models are more useful at the onset of your studies, with the more sophisticated models being 
useful for special applications as you proceed to more advanced considerations. 


SIMPLE ALKYL GROUPS 


A group of connected atoms obtained by removing a hydrogen atom from an alkane is known 
as an alkyl group. In simple instances, the name for such an alkyl group is obtained by drop- 
ping from the end of the alkane name the -ane and replacing it with -yl. Examples of naming 
alkyl groups are shown in the illustration. 


H3C—H L——— — —» ащс- 


(methane) (methyl group) 
H43C—CH;—H  L— — — —5» H34C—CH;— 
(ethane) (ethyl group) 


Alkyl groups are not molecules, but rather represent portions of molecules. We have already 
seen the use of alkyl group names as parts of IUPAC names of complex molecules (e.g., with 
3-methylpentane in Figure 2.4). In 3-methylpentane а methyl group (НзС-) is substituted for a 
hydrogen atom along the pentane (5-carbon) chain. 


ALKYL GROUPS WITH THREE AND FouR CARBON ATOMS 


Two different alkyl groups can be produced by removing a hydrogen atom from propane. 
Removal of a hydrogen atom from one of the terminal carbon atoms (those at the ends of the 
molecule) generates one alkyl group. A different alkyl group results from removal of a hydro- 
gen atom from the central carbon atom. We use the names propyl and isopropyl to describe these 
groups, as shown in Figure 2.7. 

With groups of four carbon atoms there is a further complication. There are two different 
alkanes of formula C4H;o. Molecules having the same molecular formula but different structures 
are called isomers. (This term is the source of the name isopropyl group—it is isomeric with 


Le propyl (or n-propyl) group 
- га 


isopropyl group 


CH;CH;CH; 


FIGURE 2.7 The propyl and isopropyl groups. The triply connected carbon atom in each of 
the alkyl groups has a line drawn to it indicating an open valence. A fourth 
group normally is bonded to that carbon through this open valence. The 
isopropyl group may also be referred to as a 1-methylethyl group (see Table 2.3 
and later discussions). 
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regard to the propyl group.) In constructing an alkyl group of formula C4Hs-, we need to 
consider the structures of both isomeric alkanes of formula СН 0. These two isomers are butane 
(2.8) and methylpropane (2.9), also known as isobutane. (Some chemists used the name 
2-methylpropane instead of just methylpropane. However, the “2” is really redundant because 
1-methylpropane would simply be an incorrect attempt at providing an IUPAC name for butane 
itself.) Note that the carbon atom connectivity is different in these two compounds (2.8 and 2.9). 
Using the approach of starting with a pencil point at one end (a methyl group) and continuing 
to another methyl group, with butane we continue through four carbon atoms. With methyl- 
propane, no matter at which methyl group we start, we pass through only three carbon atoms 
before reaching the other end (another methyl group). 


„жа 


CH3CH;CH;CH;3 CH; 
butane methylpropane 
2.8 2.9 


To find all possible alkyl groups for C4Ho-, it is necessary to consider both structures. Each 
can give rise to two different alkyl groups upon removal of a hydrogen atom. Thus, altogether 
four different alkyl groups of formula C4Ho- exist, as shown in Figure 2.8. 

The term n-butyl is short for normal-butyl. The term sec-butyl is short for secondary-butyl, 
and the term t-butyl (tert-butyl) is short for tertiary-butyl. For the present these names should be 
learned as labels. We will have more to say about them later. 

Compounds containing functional groups (other than that of an alkane) are often named as com- 
binations of an alkyl group and the functional group. Several examples are shown in Figure 2.9. 


СНзСН›СН›СН, — 
butyl (or n-butyl) 
CH45CH;CH;CH; 


CHCH, usd CH ЕЕЕ СН; 


sec-butyl 


СН; 
isobutyl 


CH,— C— CH, 


СН; 
t-butyl (or tert-butyl) 


CH, — CH — CH, 


CH, 


АА 


FIGURE 2.8 Alkyl groups of formula C4Hs-. Alternative names are given in Table 2.3. 


60 ORGANIC CHEMISTRY 


ІШ 
CH,CH, — CH— CH; CH; E --ОН 
: ОН СН; 
sec-butyl alcohol t-butyl alcohol 
CH, — CH— СН,Вг: СН; CH — NH, 
CH; CH; 
isobutyl bromide isopropyl amine 


FIGURE 2.9 Common names for some simple organic compounds. 


THe NAMING OF BRANCHED ALKANES 


IUPAC Rules—The Basics—In order to maintain useful communication with others discussing 
organic compounds, we must follow a standard nomenclature procedure. Using the IUPAC 
method, we follow a standard procedure to provide names to branched alkanes. The steps of this 
procedure are summarized as follows: 


1. Identify the longest continuous sequence of carbon atoms in the molecule. A convenient 
way to do this is by using the pencil connectivity approach noted earlier (see the discus- 
sion relating to Figure 2.5). The route that proceeds through the greatest number of 
carbon atoms represents the longest continuous chain present. (Remember, for an alkane 
а chain starts at a methyl group, СНз-, and ends at another methyl group.) This sequence 
provides the root for naming the compound. For example, if the longest continuous chain 
of carbon atoms is five, the compound is named as a derivative of the five carbon straight- 
chain alkane, pentane. 


2. Locate and name the substituents (alkyl groups) along this sequence of carbon atoms. 
Number the positions at which the substituents are located. The IUPAC name contains a 
prefix number to indicate the position of the substituent alkyl group, a dash, the name of 
the alkyl group, and the root name. Two examples are shown in Figure 2.10. 


3. A chain, in principle, could be named starting from either of its ends. In both of the 
examples of Figure 2.10 it does not matter at which end we choose to start numbering 
because the substituent is attached to the central carbon atom. We end up with the same 
number for the position of the substituent no matter which of the ends we choose for 
starting the numbering. However, in general it does matter which end we choose for 
starting our numbering. The IUPAC rules stipulate that the chain should be numbered 
beginning at the end that results in a lower number for the carbon at which a branch 
(i.e., a substituent) first is found. Two examples are shown in Figure 2.11. 


4. Multiple branching is indicated by naming all of the functional groups and indicating (with 
numbers) their positions along the chain. We begin numbering the chain from the end 
providing the lower of the possible numbers for the substituent at the first branch point. 
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3-methylpentane 


—— ————————— re вана 5 - а - - зе ва 


4-ешуШергапе 
СНз —CH;—CH,—CH — СН, — CH, — СН; | 


Figure 2.10 Names of branched chain alkanes. The root chain is outlined with a broken 
line for each compound. 


5 4 3 2 1 
2-methylpentane, 
ой а йай m 


CH; 4-methylpentane 


1 2 3 4 5 6 7 
3 -ethylheptane, 
СНз — CH, — CH — СН, — CH; — CH, — CH; nöt 


CH;CH; 5-ethylheptane 


FIGURE 2.11 Numbering positions іп the IUPAC nomenclature system. 


| CH; | 
1 peer 5 7 9 
H H H H 
"Өз ғ ле LM 
CH; CH; CH CH; 
2 Ф ———— ЕЕ 8 


Jia жн. эша. шш кенен мы АЙ 


6-ethyl-3-methylnonane 


FIGURE 2.12 Naming multiply branched alkanes by the IUPAC system. 
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The substituent groups are listed alphabetically in the compiled name. An example is 
shown in Figure 2.12. 


5. If a substituent occurs more than once, its name is not repeated. Instead, the following 
prefixes are used to indicate the number of times the substituent occurs along the chain. 


di- two identical substituents 
tri- three identical substituents 
tetra- four identical substituents 
penta- five identical substituents 
hexa- six identical substituents 


In alphabetizing the substituents, these prefixes are not considered. We still look to the 
fundamental name of the alkyl group. Two examples in Figure 2.13 illustrate this point. 


6. If two substituents are found in equivalent positions, the lower number is assigned to the 
one coming first in the alphabetical listing. Two examples are shown in Figure 2.14. 


7. At times we find that two (or more) chains qualify for selection as the longest. In such 
instances we select that chain that has the greater number of substituents to be the root 
chain for nomenclature purposes. An example of this is shown in Figure 2.15. 


The Use of Iso- and Neo- We commonly encounter the prefixes iso- and neo- in both IUPAC 
and non-IUPAC nomenclature systems. These prefixes indicate the presence of structural units 
of the type shown in Figure 2.16. Before the IUPAC rules were devised, these prefixes were used 
in naming some branched alkanes. These names have continued in common usage as alternatives 


4-isopropyl-2,5-dimethylheptane 


FIGURE 2.13 Further examples of IUPAC names for multiply branched alkanes. 
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CHCH, 
СНз — СН, — CH — СН, — CH, — CH — CH, — СНз 
СН; 
3-ethyl-6-methyloctane, 


not 
3-methyl-6-ethyloctane 


СН;СН; 
CH; — CH, — СН, — CH — CH — CH, — СН, — СН; 
CH(CH3), 
4-ethyl-5-isopropyloctane, 
not 
4-isopropyl-5-ethyloctane 


Figure 2.14 Naming alkanes with different substituents in equivalent positions. 
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CH, 


І 
і CH; — CH; — CH; — CH; — CH 3- CH; — CH; — CH; — СНз 


CH,—-C— CH;CH;CH; | 


Figure 2.15 Naming branched alkanes. The chain enclosed in dashed lines іп the lower 
structure has more substituents than does the chain of equivalent length 
enclosed in dashed lines in the representation of the same compound shown 
above it. Therefore, we look to the noted chain in the lower structure for the 
root name of the compound using the IUPAC system. The proper name for 
the compound is thereby 5-butyl-4,4-dimethylnonane. 
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нс с 
CH— H4C— C —CH, — 
НЗС СН; 
isopropyl- neopentyl- 


Figure 2.16 Structures of the isopropyl and neopentyl groups. 


to the systematic IUPAC names for compounds such as isohexane (2.10) and neoheptane (2.11). 
Another very common usage of iso- and neo- is for compounds with functional groups, such as 
isobutyl alcohol (2.12) and neopentyl chloride (2.13). 


CH; 
CH34— TES CH,CH,CH3 сну-с --СН;СН;СН; 
СН; CH; 
Common name isohexane neoheptane 
IUPAC name 2-methylpentane 2,2-dimethylpentane 
2.10 2.11 
св, 
СНз – aol CH5—OH CH34— eal СН»— с 
СН» СН» 
Common name isobutyl alcohol neopentyl chloride 
IUPAC name 2-methyl-1-propanol 2,2-dimethyl-1-chloropropane 
2.12 2.13 


When we alphabetize the substituents in a name, we consider the terms iso- and neo- to be part 
of the fundamental пате of the alkyl group. However, the prefixes sec- and tert- аге not con- 
sidered to be part of the fundamental name of the alkyl group and are ignored for the purpose of 
alphabetizing. 

The IUPAC system does have a set of rules for the systematic naming of alkyl groups. 
However, it also allows the use of iso- and related common prefixes for describing alkyl group sub- 
stituents along the longest sequence of carbon atoms, as long as these groups are not further 
substituted. Some acceptable IUPAC names incorporating these prefixes are shown in Figure 2.17. 


Systematic Naming of Branched Alkyl Groups—IUPAC Method Although 
IUPAC rules under certain circumstances allow the use of the older common prefixes for several 
types of branched alkyl groups, there is a set of rules for their systematic nomenclature, and you 
should learn these rules along with the common names. The rules we use are similar to those for 
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CH;,CH,CH,CH, — CH — CH,CH;CH,CH; 
CH; 
CH, — C— CH; 


CH; 


3-пеореп( у попапе 


CH(CH3) 
CH3CH,CH, — CH — CH — CH;CH;CH;CH;CH; 
СН; — CH — CH;CH; 
5-sec-butyl-4-isopropyldecane 


FIGURE 2.17 Use of common prefixes in IUPAC names. 


CH,—CH — CH, — CH — 
CH; CH; 


1,3-dimethylbutyl 


СНз — CH(CH5)4CH, — 
СН; 
5-methylhexyl 


Figure 2.18 IUPAC names for alkyl groups. 


naming branched alkanes. The main difference is that the carbon atom with the open valence is 
numbered 1 for the alkyl group. Two examples are shown in Figure 2.18. 

For simple alkyl groups many people use the older names (e.g., isobutyl, sec-butyl) rather 
than the systematic IUPAC names. Table 2.3 summarizes the alternative names for branched 
alkyl groups of five or fewer carbon atoms. 
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NAMING SUBSTITUENTS OTHER THAN ALKYL GROUPS 


We name compounds other than alkanes by following guidelines very similar to those given for 
branched alkanes. In later chapters, as we discuss each class of compounds according to func- 
tional group, we will cover specific details of nomenclature as they apply to those compounds. 
For the present you should learn the method for naming several common groups as substituents 
on a carbon chain. The common substituent names are summarized in Table 2.4. Several exam- 
ples of compounds containing these groups are shown in Figure 2.19, along with their names. 


ТАВІЕ 2.3 Common and Systematic Names for Branched Alkyl Groups. 


Structure 
(CH3),CH- 
(СНз)›СНСН)- 
НОТ 


(СНз)зС- 
(CH;),CHCH,CH,- 
(CH3))CCH;- 
ннен, 


Соттоп Мате 


isopropyl- 
isobutyl- 
sec—butyl- 


t-butyl 
isopentyl- 
neopentyl 


t-pentyl 


Systematic Name 
]-methylethyl- 
2-methylpropyl- 
1-methylpropyl- 


1,1-dimethylethy1- 
3-methylbuty1- 
2,2-dimethylpropyl- 
1,1-dimethylpropyl 


TABLE 2.4 Names of Common Substituent Groups Other Than Alkyl. 


Group 


— Си: 


Маше 
fluoro 


chloro 
bromo 
iodo 
cyano 


nitro 


methoxy 
amino 


deuterio 
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CH;—CHCH; —CH—CH, 
:Cl: CH, :BrCH,CH,CH,Br: 


2-chloro-4-methylpentane 1,3-dibromopropane 


СН; СН СН; 


Nt CHCH, — П — ш —CH; 
- N 
OC No: :OCH; ЈЕ 
2-nitropropane 2-iodo-5-methoxyheptane 


сснин св 
Е: СН; 
1-chloro-2-fluoro-4-iodo-3-methylbutane 


Figure 2.19 IUPAC names of compounds as alkanes with substituents. 


2.3 CLASSIFICATION AS PRIMARY, SECONDARY, 
TERTIARY OR QUATERNARY 


We often use the terms primary, secondary, tertiary and quaternary (written as 1°, 2°, 3° and 4° 
respectively) in organic chemistry. The rules for applying these terms differ somewhat accord- 
ing to the type of assignment being made. 


CARBON ATOMS 


Carbon atoms are classified on the basis of the number of other carbon atoms bound to them. A 
primary carbon atom has only one other carbon atom attached to it. A secondary carbon atom 
has two other carbon atoms attached to it, and so forth. Thus, the alkane methylbutane (2.14) 
contains three primary, one secondary, and one tertiary carbon atom. 


3: | 
ае ў Ж 


| CH— CH; 


ou X 


methylbutane 
2.14 
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HYDROGEN ATOMS 


A hydrogen atom attached to a carbon atom has the same classification as the carbon atom. 
Thus, there are nine 1° hydrogens, two 2° hydrogens, and one 3° hydrogen in a molecule of 
methylbutane. 


ALCOHOLS AND HALOALKANES 


These compounds are classified on the basis of the carbon atom to which the functional group 
is attached. Several examples are shown in Figure 2.20. 


2.4 PROJECTION DRAWINGS 
AND CONFORMATIONS 


THe UJepce REPRESENTATION 


There are various methods to impart three-dimensional information to two-dimensional draw- 
ings. One common method was introduced in Chapter 1, and we will take a further look at it 
here. Consider a molecule having four bonds distributed about a central carbon atom in the usual 
tetrahedral manner. It is possible to rotate this molecule in space such that the central carbon 
atom and two of the attached atoms lie in a vertical plane. When these atoms lie in the plane of 
the paper, one of the remaining attached atoms points toward the viewer and the other points 
away from the viewer. (Work with molecular models to ensure that you follow this discussion.) 
These latter two atoms and the central carbon atom also lie in a single plane (three points define 
a plane). This latter plane is perpendicular to the plane of the paper, and lies horizontal relative 
to the paper's vertical orientation. 

In a wedge representation, bonds in the plane of the paper are shown by a simple solid line. 
Bonds pointing toward the viewer are shown by a solid wedge, and those pointing away from the 
viewer are indicated by a dashed wedge. A wedge projection of methane is shown in Figure 2.21, 
and a ball-and-stick model is shown in Figure 2.22 using the same view as for the wedge projec- 
tion in Figure 2.21. 


CH3CH,Cl: (CH3), CHÖH (СНз) 4CBr: 

chloroethane 2-propanol 2-bromo-2-methylpropane 
a primary a secondary a tertiary 

chloroalkane alcohol bromoalkane 


Figure 2.20 Alcohols and haloalkanes classified according to the carbon atom to which 
the functional group is attached. 
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THE SAWHORSE PROJECTION: CONFORMATIONS 


When you work with a ball-and-stick molecular model of the ethane molecule, you find that it 
can be manipulated to take a form similar to that of a sawhorse. Figure 2.23 shows such a struc- 
ture, as a ball-and-stick model with a sawhorse projection diagram. 

Sawhorse projections are often used to convey information about the spatial arrangement of 
atoms bonded to two adjacent carbon atoms. Using a model of ethane, one can rotate the two 
ends of the molecule (the two connected methyl groups) relative to each other, producing a dif- 
ferent form of the same molecule. Different forms of a molecule that can be obtained by rotation 
about single bonds are known as conformations or conformational isomers. Figure 2.24 shows 
sawhorse projections for two different conformations of the ethane molecule (one was shown in 
Figure 2.23), along with models of these conformations. 


Мешмам PROJECTIONS 


Newman projections provide an alternative to the sawhorse or wedge projection for looking 
at the relationship of groups on adjacent carbon atoms. The Newman projection is obtained by 


H 
H,, / 
С 
Не” X 
H 


ҒНісиве 2.21 Wedge projection view of the methane molecule. 


Figure 2.22 Model of the methane molecule. A ball-and-stick model is shown represent- 
ing the methane molecule in the same orientation as that shown with the 
wedge projection in Figure 2.21. 
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H Nu 
E. P d 


| 


H 


Figure 2.23 The ethane molecule. А ball-and-stick model is shown representing the 
ethane molecule along with a sawhorse projection of the same molecule. 


Chemical Biography 


MELVIN SPENCER NEWMAN 
b. 1908 

d. 1993 

Ph.D. Yale (Anderson) 1932 


viewing the molecule along a particular bond. 
In this way we see the front atom of the bond 
while the rear atom is hidden behind it. Newman 
projections use a circle to represent the atoms of 
the bond. Bonds reaching to the center of the 
circle represent the linkages to the front carbon 
atom, while bonds reaching only to the perime- 
ter of the circle represent linkages to the rear 
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Figure 2.24 Conformations of the ethane molecule. In the eclipsed conformation (shown 
at the left) the hydrogen atoms attached to the left carbon are closer to the 
hydrogen attached to the right carbon than they are in the staggered 
conformation shown to the right. 


carbon atom. Figure 2.25 shows wedge projections of ethane conformations as they are viewed 
to produce Newman projections. We can view the natures of eclipsed and staggered confor- 
mations more easily with Newman projections than we can with the other methods of viewing 
molecules. 


FISCHER PROJECTIONS 


We can always view an atom having tetrahedral 
geometry with two bonds pointing away from 


Chemical Biography 


the viewer and two bonds pointing toward the Emil Fischer 

viewer. (Confirm this by working with a molec- b. 1852 

ular model.) A Fischer projection is in essence d. 1919 

a simplified wedge projection that makes use of Ph.D. University of Strasbourg (von 
this type of view. The tetrahedral atom is Baeyer) 1874 


placed such that the two bonds coming toward 
the viewer are in a horizontal orientation while 


Nobel Prize (Chemistry) 1902 
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FiGURE 2.25 


FIGURE 2.26 


A * 
H 
H 
H Sga H H 
LA o д 
= Н Н 
Н н 


Newman projections of ethane. With Newman projections, the relationships 
of hydrogens attached to adjacent carbon atoms are clearly shown. In the 
upper view is shown an eclipsed conformation of ethane using a sawhorse 
projection. Looking along the carbon-carbon bond we obtain a view that is 
illustrated in the Newman projection on the right. In a Newman projection of 
an eclipsed conformation, atoms attached to the adjacent carbon atoms 
viewed are directly behind each other. (For clarity, they have been offset 
slightly in these representations.) On the bottom of the illustration is 
provided a similar view of a staggered conformation of the ethane molecule. 
In such a staggered conformation atoms attached to the adjacent carbon 
atoms viewed are as far from each other as possible. 


С: :Cl: 
H С CH;CH; => == CH,CH, 
сн; CH; 


Fischer projection of 2-chlorobutane. To draw a Fischer projection we must 
view the molecule in a standard way, with the horizontal bonds pointing 
toward the viewer and the vertical bonds pointing away from the viewer, as 
shown with the wedge projection to the left. The Fischer projection, shown to 
the right, is a stylized version of this wedge projection. 
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the two bonds directed away from the viewer are in a vertical orientation. With a Fischer 
projection the central atom is indicated only by a pair of crossed lines, with the arms ema- 
nating from the center representing the bonds. Vertical bonds are always understood as being 
directed away from the viewer while horizontal bonds are always understood as being 
directed toward the viewer, as is illustrated in Figure 2.26 with wedge and Fischer projec- 
tions of 2-chlorobutane. 

On way of thinking about the Fischer projection is to imagine the molecule, in the standard 
orientation as a wedge representation, placed in front of a screen. Now imagine the molecule 
illuminated by a light from the front, so that it casts a shadow on the screen. The shadow is the 
Fischer projection. Fischer, wedge, and other types of projection drawings will be used exten- 
sively with our studies. We will return to consider conformations and their importance in organic 
chemistry in detail in Chapter 4 and later chapters. 


* The vast body of information we refer to as organic chemistry requires a method of organ- 
ization if we are to understand it and use it. 


* Arrangements of atoms that give compounds a characteristic chemistry are referred to as 
functional groups. Our study of organic chemistry is organized as a study of the chemistry 
of each type of functional group. 


* The systematic nomenclature of organic compoundis is critical if we are to communi- 
cate information regarding their chemistry. The primary system of nomenclature 
currently in use is that developed by the IUPAC. This system allows each organic struc- 
ture to be assigned a descriptive name that will completely distinguish it from any other 
structure. 


* The basis for naming organic compounds in a systematic manner is the set of names 
assigned to the straight-chain alkanes. 


* Names of branched-chain alkanes and molecules containing other functional groups are 
derived from the straight-chain alkane names. 


* Inthe process of studying and doing organic chemistry it is important to visualize the rela- 
tionships among atoms and functional groups within a molecule. 


* Molecular models provide a supersized analogue of the actual molecule and can be 
manipulated to view the desired relationships. When it is not convenient to use such 
models, two-dimensional representations of the three-dimensional molecules can 
be used. 


* When we use two-dimensional drawings of organic molecules, we use agreed-upon con- 
ventions for depicting three-dimensional relationships. These conventions include the use 
of wedge representations and the sawhorse, Newman and Fischer projections. 
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Terms to Remember 


functional group straight-chain alkane 
alkane alkyl group 
cycloalkane isomers 

alcohol wedge representation 


IUPAC method sawhorse projection 


conformational isomers 
eclipsed conformation 
staggered conformation 
Newman projection 
Fischer projection 


Problem 2.1 


Write a complete structure for the butane molecule (C4H io with the connection of carbon 
atoms being C-C-C-C) remembering that carbon atoms form four bonds and hydrogen 
atoms form only one bond. Describe the bonding in the carbon-carbon and carbon- 
hydrogen bonds using valence bond terms. 


(answer) 


Problem 2.2 


Upon analysis of an alkane we find its molecular weight to be 198 g/mole. What is the 
molecular formula of this alkane? 


(answer) 


Problem 2.3 


The following compounds each contain more than one functional group. List the 
functional groups you find in each compound. 


a) и” | . . 
H4C—CH-C (lactic acid - present in 
| \ sour milk) 
:он ‘ОН 
(answer | 
:0: 
b) H C—CH-CH-C (valine - an essential amin 
Ы \ acid for humans) 
CH,NH, “ОН 
(answer) 


с) CH, <СН-О-СНЕСН, (divinyl ether - an 
inhalation anesthetic 


(answer) 
C—CH—CH,—CH 
/ A 5 H (geraniol - obtained 
H,C aw d from geraniums 
C—C 
„and roses) 
Н.С CH, OH 
(answer 
“0: :0: 
е) ju |] 
, CH; CH; CH;CH; CH; CH; 7 С, 
a “ей “ОН (prostaglandin E, - plays a 
role in controlling blood 
CH-CH pressure and other functions 
| CN in humans) 
: OH о E CH; СН; СН CH3 


:ОН 


(апву/ег 


Problem 2.4 


Provide formulas (С.НуО,) for each of the substances represented by the following 
skeletal formulas: 


"b ZU MESS ы, 


(answer) 
b) és 

De 
(answer 
© :ОН 
(answer 
d) ss 

OH 


(answer) 


Problem 2.5 


Which structure in each set does not represent the same molecule as do the other two? 


а) à) CH,CH,CH,CH(CH,), 


Gi) CH, CH, CH, —CHCH; 
(iii) єн; 
CH, =снсн, 


CH; 


(answer) 


b) 


(answer) 


Problem 2.6 
Show the structures for all of the alkanes of each of the following formulas. 


a) CsHi2 
(answer) 


b) СНи 
(answer) 


с) СН 
(answer) 


Problem 2.7 


Based on your answers to Problem 2.6, deduce the number of different alkyl groups of 
formula: 

a) С5Ни- 

(answer) 


b) СеНіз- 
(answer) 


Problem 2.8 


How many different alcohols are there for each of the following formulas? Show the 
structure for each and provide each with a common name using the system described in 
the immediately previous section of the text. 


a) С НО 
(answer) 


b) САНО 
(answer) 


Problem 2.9 


Provide IUPAC names for each of the following compounds: 


a) (CH; ) 3 CCH, СН(СН з) 2 


(answer 


b) CH; СН, CH(CH j)CH(CH , CH;)CH , СН, CH, 


(answer 
с) CH; CH; 
CH; (CH) 4-CHCH—CH, CH, CH; 
CH(CH 3); 
(answer 


d) (CH;),CHCH(CH, CH; )CH, CH, CH, 


(answer 


Problem 2.10 


Provide systematic names for each of the following alkyl groups: 


а) CH; CH(CH ,)CH(CH 4)CH ;- 


(answer 


b) CH, СН, CH(CH;)C(CH з), 


(answer 


Problem 2.11 


Provide IUPAC names for each of the following: 


a) CH; CH, са ,CH(CH 3 ) 2 


(answer 


b) (CH;CH,),CHCH, CH, СЕМ: 


(answer 


c) H,NCH,CH,NH, 


(answer) 


Problem 2.12 
Classify all carbon atoms of neopentane as primary, secondary, tertiary or quaternary. 
How many primary, secondary and tertiary hydrogen atoms are there per molecule of 


neopentane д 


(answer 


Problem 2.13 
Draw structures for all tertiary alcohols of formula СН 140. 


(answer) 


Problem 2.14 


Draw a sawhorse projection for each of the following molecules, showing all of the 
atoms present and emphasizing the bonds indicated. 


a. propane (C1-C2) 
(answer) 

b. butane (C2-C3) 
(answer 


с. 2-methylpentane (C2-C3) 
(answer 


Problem 2.15 

Draw Newman projections representing each of the following: 

a) a propane molecule viewed along a carbon-carbon bond 
(answer 

b) a butane molecule viewed along the central carbon-carbon bond 
(answer 


C) a 2-methylpentane molecule viewed along the bond between the second and third 
carbon atoms in the chain 


(answer 


Problem 2.16 


Using a set of molecular models, construct and draw Newman projections of all eclipsed 
and staggered conformations of the 2-methylbutane molecule as viewed along the bond 
between the second and third carbon atoms in the chain. 


(answer 


Problem 2.17 


Construct molecular models for each of the Fischer projections shown below. (Use 
different-colored spheres to represent the different halogens.) Compare the models. Is it 
possible to rotate the models in space so that they look identical? What is necessary to 
make the models identical? What conclusions can you draw about possible isomeric 
forms of bromochlorofluoroiodomethane? 


Сі: Л: 
iL ra. 
:Е: :Вг: 


(answer) 


Problem 2.18 


Repeat Problem 2.17 for the two Fischer projections shown below. 


:Cl: Л: 
ie we 
:Br: “СІ: 


(answer) 


Problem 2.19 

Write structures for all molecules satisfying the following descriptions: 
a) an alkyne of formula C5H8 

(answer 

b) а carboxylic acid of formula С5Н О» 

(answer 

с) ап alcohol of formula CeH14O 

(answer 

d) a compound of formula C5H100 containing a carbonyl group 
(answer 

e) a chloroalkane of formula СеН,зСІ 

(answer 

f) a molecule of formula СН О that contains an ether functional group 


(answer) 


Problem 2.20 

Give the IUPAC name for each of the following: 

a) CH3CH2C(CH3)3 

(answer 

b) CH3;CH,CH(CH»CH3)C(CH3)2CH»CH 3 
(answer 

с) CH3CH 2C(CH2CH3)2CH(CH3)CH(CH 2CH2CHs3)2 
(answer 

d) CH3CH2CH 2C(CH2CH2CH3)3 

(answer 

e) CH;CH;CH(CH3)CH(CH;?CH3)CH;CH;CHs5 
(answer 

f) CH3CH;CH;CH(CH[CH;];)CH;CH;CH;CHs 
(answer) 

g) CH3CH 2CH(CH3)CH(CH2CH2CH3)CH2CH3 
(answer 

h) (CH35;CHCH;5CH;CH(CH 3); 


(answer 


Problem 2.21 


Classify all of the carbon atoms of the compounds in Problem 2.20 as primary, 
secondary, tertiary or quaternary. 


(answer) 


Problem 2.22 

Provide IUPAC names for: 

a) an alkane that has the formula С5Н i? and contains only primary hydrogens 
(answer 

b) all isomers of СН аз that do not contain any secondary hydrogens 


(answer 


Problem 2.23 

Provide IUPAC names for each of the following: 
a) neopentyl chloride 
(answer 

b) isohexyl bromide 
(answer 

с) isohexane 

(answer 

d) sec-butyl bromide 
(answer 

e) t-butyl bromide 


(answer 


Problem 2.24 


Each of the following is an incorrect attempt at constructing an IUPAC name. Explain 
what is wrong, draw the intended structure, and provide a correct IUPAC name for each. 


a) 4,4-dimethylhexane 
(answer) 

b) 2,2-diethylpentane 
(answer 

с) 2-sec-butyloctane 
(answer 

d) 7-ethyl-2-methyloctane 
(answer) 

e) 3-propylhexane 
(answer) 

f) 5-(2,2-dimethylbutyl) -3-ethyldecane 


(answer 


Problem 2.25 


Provide molecular formulas and IUPAC names for the compounds represented by the 
following skeletal structures: 


a) 


TX 


(answer 


b) 
AK 
(answer) 

c) 

(answer) 

d) 


(answer) 


е) 


(answer) 
a 


Problem 2.26 

Show skeletal representations for each of the following: 
a) 3-ethyl-4-methylhexane 
(answer 

b) 2,3-dimethylpentane 

(answer 

с) 3-isopropyl-2,2-dimethylhexane 
(answer 

d) 2,2,3,4-tetramethylpentane 
(answer 

e) neopentyl alcohol 

(answer 


f) the smallest possible amine that has three different alkyl groups attached to 
nitrogen 


(answer 


Problem 2.27 

Draw Newman projections for conformations of 1-chloro-2-iodoethane in which: 
a) Cl and I are eclipsed with each other 

(answer 

b) Cl and I are eclipsed with hydrogens 

(answer 

с) СІ and I are as far apart as possible 

(answer 

d) any other staggered conformation 


(answer 


Problem 2.28 


Draw a Newman projection of a conformation of 2-bromo-1-chloropropane (viewing 
along the carbon-carbon bond between the first and second carbon atoms) in which the 
two halogens are as far apart as possible. 


(answer 


Problem 2.29 


Give IUPAC names for the compounds represented by each of the following Newman 
projections: 


a) 
СН(СН;); 


H 
H 
H H 
CH, 


(answer) 


b) 


CH; 
Н.С 
N Br 
H Br 


CH, CH,CH(CH;), 


(answer) 


Problem 2.30 
Represent each of the compounds in Problem 2.29 with a skeletal structure. 


(answer) 


Problem 2.31 


Use a set of molecular models to construct the butane molecule. Once constructed, rotate 
one of the carbon atoms connected by the central carbon-carbon bond. Consider the two 
conformations in which the distance from carbon-1 to carbon-4 are greatest and least. 
What is the (approximate) ratio of these distances. 


(answer) 


2.1-answer 


The carbon-carbon bonds are o bonds formed by the end-to-end overlap of an sp? hybrid 
orbital from each of the two carbon atoms. There are actually two types of C-C bonds in 
the molecule, one type connecting a CH3 group to a CH2 group, and the other type 
connecting two СН; groups. Each of these bonds is cylindrically symmetrical about the 
internuclear axis. Similarly, each of the carbon-hydrogen bonds is a o bond with 
cylindrical symmetry about the internuclear axis. Again, there are two types of C-H 
bonds in the molecule, those between hydrogen and a carbon bound to only one other 
carbon atom, and those between hydrogen and a carbon bound to two other carbon atoms. 
However, for ће С-Н bonds the carbon atom uses an sp? hybrid orbital while the 
hydrogen uses a 15 orbital. Each of the bonds involves sharing a pair of electrons between 
the associated atoms. 


2.2-answer 


We know that the general formula for an alkane (open-chain) is CnH(2n+2). Thus, the 
general formula for the molecular weight of an alkane is 


n(12)+(2n+2)(1) = Molecular Weight 
So, 198 = 14n + 2, and n= 196/14 = 14, and the formula is: 


C14H30 


2.3a-answer 


alcohol and carboxylic acid 


2.3b-answer 


amino and carboxylic acid 


2.3c-answer 


alkene and ether 


2.3d-answer 


two different alkene linkages and alcohol 


2.3e-answer 


carbonyl, two different alcohol linkages, alkene and carboxylic acid 


2.4a-answer 


C7Hi6 


2.4b-answer 


СНО 


2.4c-answer 


СНО 


2.4d-answer 


С НО 


2.5a-answer 


Structure (111) is different from (1) and (ii). Structure (iii) has branching at the third carbon 
of the 5-carbon chain while structures (i) апа (11) have branching at the second carbon of 
the 5-carbon chain. 


2.5b-answer 


Structure (1i) is different from structures (1) and (iii). Structure (ii) has branching at the 
third and fourth carbon atoms of the six carbon chain, while the other two have branching 
at the second and third carbon atoms of the six carbon chain. 


2.6a-answer (Question) 


Adding the fifth carbon atom to either of the terminal carbon atoms in the four-carbon 
chain would regenerate the original five-carbon continuous chain associated with the 
fundamental linear pentane structure. 


иннии 
H-C-C-C-c-C-H 
HHHHH 


2.6a-answer 


Steps to solving the problem: 


1. Construct the straight-chain alkane first. To do this, arrange the five carbon atoms in 
one continuous chain. 


C-C-C-C-C 

Then, add hydrogens to each carbon atom so to make each carbon atom tetracoordinated. 
i eee 

H-C-C-C-C-C-H 
HHHHH 


(continue) 


2.6a-answer (contd.) 


2. Now we must construct the branched-chain alkane structures. Start by reducing the 
number of carbons in the continuous chain by one. 


C-C-C-C 
Then, attach the remaining carbon atom to one of the internal carbon atoms of the chain. 
C—-C-C-C 

С 


Finally, add sufficient hydrogens to each of the carbon atoms to make each of them 
tetracoordinated. 


Caution! Placing the fifth carbon atom on the other internal position yields a 
structure entirely equivalent to the one shown. We can see this by using the pencil 
connectivity method described in the discussion of Figure 2.5. (Question: What would be 
the result of attaching the fifth carbon atom to either of the terminal carbon atoms of the 
four-carbon chain shown above? [answer]) 


(continue) 


2.6a-answer (contd.) 


3. We now need to see if there are any further isomeric structures for С5Н 12. We do this 
by reducing to three the number of carbon atoms in our fundamental continuous chain. 


C-C-C 
We attach the remaining two carbon atoms to the internal carbon atom of the fundamental 
chain. 


І 
C-c-C 


С 


We now add sufficient hydrogen atoms to make each of the carbon atoms 
tetracoordinated. 


(continue) 


2.6a-answer (contd.) 


4. As we consider further possibilities, we see that we have, in fact, already drawn all 
possible unique structures for С5Н12. Thus, we have a total of four isomers that share the 
formula C5Hi». 


Caution! Be careful that you do not reconstruct an isomer that you previously counted. 
For example, the structure shown below is equivalent to the one deduced in Step 2. 


answer 


It would then be a pentane system. 


2.6b-answer 


CH,CH, CH, CH, CH, CH, 


2.6c-answer 


CH, CH,CH, СН, CH,CH, CH, 


ii 
T-O- Н mam 
| m-o-m {у 
ши шо | : 
| | шы 7 = 
ш-0-о—-Ш ан an 
М. e ake "ua 
ико | 
Í = 
T 
T т { ше IN 
cile n = ро общ Е 
ele So ee ge са 
шп-о-шш less ш-Ә---ә-ш 
z-o-m | T m-o-m 
m-o-m m-Q-m 
i | T 
ш = 


2.7a-answer 


СН СН, CH, CH, СН, - 
CEC Cn HECH, 


ЗОНА тирена Сва 


CH; CH, —CH-CH; 
CH, = 


| 
СН;СН, -Ç — СН; 
CH; 


| 
CH; -CH-CH—CH; 
CH; 


-CH, CH, -CH-CH; 


єн, 
CH, -C-CH,- 


2.7b-answer 


СН „СН, CH, CH, CH, CH, - 


= 
| 
1 
j 
zm ii 
maa 
aay ay RR 
пот = 
пот 
= 
| 
aul ales 
т | 
EUR 
пот 
m-Q-m 
= 


= по 
= 
T i 
по пот | 
RUE э пе аа? 
Ба КЕЕ с ee E 
пот = T-Q-E = пл още 
m-o-Em талыр пот 
= = = 
i j j 
ЗА а 
at LE T 
m-Q-m = 9-8 = T-Q-m = 
m-Q-m m-o-m —e-m 
о ш-о-ш T-Q-m 
=» Е =» 


2.8a-answer 

СЕ СН, СН, OH 

n-propyl alcohol 

CH; = И 
:OH 


isopropyl alcohol 


2.8b-answer 


СН;СН, СН, СН, Он 


n-butyl alcohol 


:OH 


sec-butyl alcohol 


CH5-CH-CH, ÓH 
CH; 
isobutyl alcohol 
Ha 
CH,-C-ÓH 
CH; 
t-butyl alcohol 


2.9a-answer 


2,2,4-trimethylpentane 


2.9b-answer 


4-ethyl-3-methylheptane 


2.9c-answer 


4-ethyl-5-isopropyldecane 


2.9d-answer 


3-ethyl-2-methylhexane 


2.10a-answer 


2,3-dimethylbutyl- 


2.10b-answer 


1,1,2-trimethylbutyl- 


2.11a-answer 


3,3-dichloro-2-methylpentane 


2.11b-answer 


1-cyano-3-ethylpentane 


2.11c-answer 


1,2-diaminoethane 


2.12-answer 


quaternary carbon 


[2 

СН, Ссн, 
СН 

| p d 3 


primary carbons (4) 


All of the hydrogen atoms (12 of them) are primary. 


2.13-answer 


сн, CH; CH; 
CH;CH,—C—OH CH, —C—OH CH; — C—ÓH 
CH; CH; CHCH, CH,CH, CH, 
CH, 


There are only three structures that meet the required conditions. With the formula 
СНОН, there are no double or triple bonds, or rings. Further, the hydroxyl group (since 
it's tertiary) must be attached to a carbon (a carbinol carbon atom) that's attached in turn 
to three other carbon atoms. That leaves only two carbon atoms for which disposition 
must be determined. They may be two methyl groups attached to the three non-carbinol 
carbons as already defined, attached to two different ones as in the structure shown on the 
left, or both attached to the same carbon as shown in the structure in the center. 
Alternatively, the two carbons could be accounted for as an ethyl group attached to one of 
the originally defined non-carbinol carbon atoms, as shown in the structure on the far 
right. 


2.14a-answer 


2.14b-answer 


2.14c-answer 


2.15a-answer 


H CH, 


A staggered conformation is shown. 


2.15b-answer 


HL CH, 


H3C | H 


A staggered conformation is shown. 


2.15c-answer 


Нз С | СН; 


А staggered conformation is shown. 


2.16-answer 


H 
HL CH, СН; 
H 
mirror images 
H 
CH;CH, S H 
H 
H 
HL H 
CH, CH; 


staggered conformations, and 


X 
; H 
Нз С сн,си, CH 
HH 
N 
CH, CH, 
нз Съ“ CH, 
CH,CH, H 
\ 
H 
HCH CH, 


eclipsed conformations 


mirror images 


2.17-answer 


After rotation of the two models in space, one comes to the conclusion that they are not 
identical since they can not be superimposed. They are different arrangements of the 
same atoms, and thereby are truly isomers. One also notes that these two isomers are 
mirror images of each other (yet not superimposable). In order to make the models 
identical (completely superimposable), we need to exchange the positions of any two 
groups (halogen atoms) on one of the models. It is then completely superimposable on 
the other model (and thereby identical to it). 


In general, we can conclude that this condition will exist for any compound having a 
single tetrahedral carbon atom with four unlike groups attached to it. That is, it will not 
be superimposable on its mirror image. (Later we'll have much more to say about 
compounds with more than one such tetrahedral carbon atom with four unlike groups 
attached.) 


2.18-answer 


Upon rotation of the two models in space one realizes that the two are superimposable. In 
fact, even if we take one of the models and exchange the position of two of the 
substituents about the carbon, the models remain superimposable. These are not isomers 
in any way; they are identical, and isomers don't even exist for the system CBrCl,F. We 
conclude that four unlike groups about a tetrahedral carbon atom site are necessary for 
such isomerism to occur. 


2.19a-answer 
H—C=C—CH, CH,CH, 
Н--С-С-СИ(СН;), 
CH;—CzC-CH,CH; 


2.19b-answer 

CH,CH, СН, CH; —CO;H 
(CH 3); CHCH, —CO,H 

СН СН, CH(CH з) —CO;H 


(CH4),C—CO,H 


2.19c-answer 


those with the longest carbon chain containing 6 carbon atoms 


A ~~~ oH 
ia А 
ie со а 


OH 


those with the longest carbon chain containing 5 carbon atoms 
ya " 

ОН 
р AN 
P OH Р м i 


those with the longest carbon chain containing 4 carbon atoms 


2.19d-answer 


There are no rings in the compounds, only alkyl and C=O. 
The possible structures are: 


longest chain 5 carbon atoms 
O 
O O 
longest chain 4 carbon atoms 
O 
H 
O 
O H 


longest chain 3 carbon atoms 


O 


2.19e-answer 


There are no rings in the compounds, only alkyl and С-СІ. The possible structures are: 


chain contining Cl 6 carbons 
CI 
РА N ча d са ud Р 
СІ 
chain containing СІ 5 carbons 
с woe 
ЕСА ч bd га 
ВИч 
a Ды 
СІ 
СІ 


chain containing СІ 4 carbons 


ү 


2.19f-answer 


There are no rings in the compounds, only alkyl and C-O. The possible structures are: 


а AM n а 


2.20a-answer 


2,2-dimethylbutane 


2.20b-answer 


4-ethyl-3,3-dimethylhexane 


2.20c-answer 


3,3-diethyl-4-methyl-5-propyloctane 


2.20d-answer 


4,4-dipropylheptane 


2.20e-answer 


4-ethyl-3-methylheptane 


2.20f-answer 


4-isopropyloctane 


2.20g-answer 


4-ethyl-3-methylheptane 


2.20h-answer 


2,5-dimethylhexane 


2.21-answer 


(a) 


ор 


2.22a-answer 
2,2-dimethylpropane 


(technically, it's simply: dimethylpropane) 


2.22b-answer 
2,3,4-trimethylpentane 
and 
2,2,3,3-tetramethylbutane 


(technically, this is simply: tetramethylbutane) 


2.23a-answer 


1-chloro-2,2-dimethylpropane 


2.23b-answer 


1-bromo-4-methylpentane 


2.23c-answer 


2-methylpentane 


2.23d-answer 


2-bromobutane 


2.23e-answer 


2-bromo-2-methylpropane 


2.24a-answer 


UNS 


The lowest possible numbers are not given for the substituents. 
Should be: 


3,3-dimethylhexane 


2.24b-answer 


о 


The longest continuous chain has six carbon atoms. 
Should be: 


2-ethyl-2-methylhexane 


2.24c-answer 


The longest continuous chain has nine carbon atoms. 
Should be: 


4-ethyl-3-methylnonane 


2.24d-answer 


The longest continuous chain has nine carbon atoms. 


Should be: 


2,7-dimethylnonane 


2.24e-answer 


The longest continuous chain has seven carbon atoms. 


Should be: 


4-ethylheptane 


2.24f-answer 


Choice of the longest continuous chain (two 10 carbon chains 
here) should be the one with the greater number of substituents. 


Should be: 


5-(2-ethylbutyl)-3,3-dimethyldecane 


2.25a-answer 
CsHis 


3-methylheptane 


2.25b-answer 
C7HisBr 


2-bromo-3,4-dimethylpentane 


2.25c-answer 
С15Нз2 


2,7-dimethyl-5-(1-methylpropyl)nonane 


2.25d-answer 
Са 


4-methyl-5-propylnonane 


2.25e-answer 
CicH34 


4,5-diisopropyldecane 


2.26a-answer 


2.26b-answer 


2.26c-answer 


2.26d-answer 


2.26e-answer 


OH 


2.26f- answer 


Ç 
did 


2.27 a-answer 


HH 


\ 


CI 


2.27b-answer 


HH 


\ 


H 
CI 


2.27c-answer 


H 


ч. 


2.27d-answer 


H 
H 


2.28-answer 
H 
H 
N CI 


2.29a-answer 


2-methylpentane 


2.29b-answer 


2,3-dibromo-3,6-dimethylheptane 


2.29c-answer 


2-bromo-2-methylpropane 


2.30-answer 


” жə 


b) Br CH; 


с) 


2.31-answer 


H,C CH; НС НН 
КУ апа Е | 
Н H H 
H H H CH; 


Ratio of distances between methyl groups is 1.51, the staggered conformation being the 
one with the greater distance between the methyl groups. 


INTERMOLECULAR AND 
Астр-Вдазе INTERACTIONS 


3.1 INTRODUCTION 


In this chapter we begin to consider relationships between molecules. In particular, we focus on 
the attractive forces that all molecules are able to exert on their neighbors and feel in return. We 
will also consider the nature of acid-base interactions in organic chemistry. We will note that 
most complex reactions of organic compounds can be viewed as series of relatively simple acid- 
base interactions. 

For a pure substance, interactions among its constituent molecules are reflected in physical 
properties such as melting and boiling temperatures. For mixtures of substances, the degree of 
interaction among the several types of molecules influences properties such as the solubility of one 
substance in another, and ultimately determines if a reaction between the molecules will occur. 

All molecules have some tendency to stick together. For any given substance, this tendency 
diminishes on going from the solid phase to the liquid phase to the gas phase. In fact, for most 
purposes, the molecules of gases can be regarded as separate, nonaggregated entities. Melting 
and boiling temperatures provide useful information about the tendency of molecules to stick 
together and thus about the forces that exist among molecules. Forces between molecules are 
referred to as intermolecular forces. They are usually divided into several categories: 


* Ionic interactions between charged particles (ions)—attractive between oppositely 
charged ions and repulsive between similarly charged ions. 


* Dipole-dipole interactions—orientation of oppositely charged ends of dipoles provides 
attractive interactions. 


* van der Waals forces—transient dipoles causing non-polar molecules (and atoms) to 
aggregate. 


* Hydrogen bonding interactions—interaction of a hydrogen atom, covalently bound to an 
electronegative atom, with an electronegative atom in another molecule causing them to 
aggregate. 


We will review these several types of interactions in detail in the following sections. 
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3.2 IONIC INTERACTIONS 


Ionic CRYSTALS 


Solid ionic compounds consist of crystal lattices. A crystal lattice is a very ordered collection of 
ions. The positive and negative ions arrange themselves to give the most stable possible struc- 
ture; that is, they maximize the attractive interactions between ions of unlike charge and 
minimize repulsive interactions between ions of like charge. Generally, there is a large net attrac- 
tive interaction. Considerable energy must be expended to break up the crystal lattice. 

Numerous inorganic compounds are salts that exist as solids in crystal lattices. A typical 
example is common salt, sodium chloride, the crystal lattice of which is shown in Figure 3.1. 
Sodium chloride, a product of the reaction of the acid hydrogen chloride and the base sodium 
hydroxide, melts only at the high temperature of 801°C. Organic salts exist as well with struc- 
tured crystal lattices and tend to melt at higher temperatures than do substances not composed 
of ions. For example, sodium acetate (Figure 3.2) is a salt derived from the common organic acid 
acetic acid (ethanoic acid—vinegar contains 5% acetic acid—see Chapter 21) and sodium 
hydroxide, that melts at 324°C whereas acetic acid has a melting temperature of 16.2°C (below 
room temperature in most instances). 


FiGURE 3.1 А portion of the sodium chloride ionic lattice. Attractive interactions are 
shown by the solid lines. Repulsive interactions along two sides of the lattice 
are shown by the dashed lines. The lattice continues in three dimensions, with 
Nat and Cl- ions alternating along any given direction. Attractive and repulsive 
interactions are present at distances greater than that shown, but decrease in 
intensity with increasing distances. 


O 
Ж 
ЊС— С + МОН ----------- H4C—C + H,O 
М N 
OH O^ Nat 
acetic acid sodium acetate 
(ethanoic acid) (sodium ethanoate) 


FicunE 3.2 Sodium acetate. Derived from the acid acetic acid (ethanoic acid) and the base 
sodium hydroxide, sodium acetate is a salt. As with many salts, inorganic and 
organic, sodium acetate is a relatively high melting solid whereas its parent 
acid is a liquid at room temperature (most of the time—it melts at 16.2°C). 


CHAPTER 3 Ф INTERMOLECULAR AND Астр-Вазе INTERACTIONS 77 


Ionic LIQUIDS 


In recent years there has developed an interest in the preparation and use of ionic materials that 
exist as liquids at or near room temperature. Consideration of the nature of the sodium chloride 
crystal (Figure 3.1) leads us to understand that such high melting crystals require close and 
efficient packing of cations and anions. 

If we were to generate salts within which there were a great size mismatch of cations and 
anions, we might expect their ability to aggregate into a highly ordered lattice to be severely 
diminished, even to the degree that the material would exist not as an ordered crystal but as a 
liquid (or possibly a partially ordered glassy substance) at ordinary temperatures. This, in fact, 
has been accomplished and non-aqueous ionic liquids (МАЛУ) have been prepared and used with 
characteristics that are variable and depend on the specific cations and anions for a variety of 
purposes. Such МАП generally involve large organic cations and relatively small anions that 
experience ionic interactions, but because of the mismatch in size often do not pack into a crystal 
lattice but the individual ions continue in motion about each other at ordinary temperatures. 
Examples of room-temperature МАГ are illustrated in Figure 3.3. 


Special Topic 


Green Chemistry 


There has always existed the reasonable human desire to have available more and better goods and 
services. While the goods and services may themselves be very desirable, the by-products of their 
production and delivery can possibly be deleterious to the larger environment if prudent care is not 
taken. For this reason particular attention has been given in recent years to the development of 
processes and materials that are as environmentally benign as possible, commonly referred to as 
being green. We seek to minimize the effect on the general environment of by-products of the pro- 
duction of goods, the potential release of harmful materials from the production processes, as well 
as the energy consumption in the performance of goods and service production and delivery. 

A topic of particular investigation in recent years for this regard has been the preparation and use 
of NAILs (Non-Aqueous Ionic Liquids) as materials for use in reaction and purification processes, as 
well as in environmental remediation operations. As ionic materials, the volatility of МАП» is negli- 
gibly small indicating that they will not undergo evaporation into the environment as do ordinary 
(covalent only) organic materials commonly used as solvents (VOCs—volatile organic compounds). 
Upon consideration of the optimal characteristics desired for particular applications, it is anticipated 
that NAILs can be custom designed and synthesized for such applications. This capability for custom 
design is being investigated to include solubility or insolubility with regard to other materials (water, 
simple non-polar organic compounds), volatility, energy consumption in preparation, and degrada- 
tion under particular conditions. Below are shown two liquid samples, the one on the right being a 
typical VOC, benzyl alcohol, and the one on the left (pale yellow) a NAIL. The structures of these 
materials are shown at the bottom. They have comparable viscosities, but the МАП, is a water-soluble 
salt and the benzyl alcohol is a completely covalent (albeit polar) compound fundamentally insolu- 
ble in water. 
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3 - 
PO, CH;OH 


Ф 


N 
H,C ~ + ~CH,CH,OCH,CH, 
3 benzyl alcohol 


N-methyl-N-(2-ethoxyethyl)pyrrolidinium 
phosphate 


3.3 DIPOLE-DIPOLE INTERACTIONS 


BOND POLARITY 


The bond of the hydrogen chloride molecule is covalent. However, since hydrogen and chlorine 
have different abilities to attract the electron pair of their bond, the bond is also polar. We say 
that these atoms (hydrogen and chlorine) have different electronegativities (г.е., different abil- 
ities to attract an electron pair in a bond). Chlorine is significantly more electronegative than is 
hydrogen. Thus, the electron pair of the hydrogen-chlorine covalent bond is partially skewed 
toward the chlorine end of the bond, as is illustrated in Figure 3.4. 

Two main influences on an element's electronegativity are its ionization potential and its 
electron affinity. The ionization potential of an atom is the energy per unit charge needed to 
remove an electron from the atom to an infinite distance, as shown by: 


energy + М > М + е 
atom cation electron 
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(2 BES 
N 


N-ethyl-N -methylimidazolium tetrafluoroborate 
melting temperature 15°C 


Insoluble in common organic solvents (alkanes, 
ethers) and usable as a polar non-volatile solvent 
in place of other (volatile) organic solvents for 
organic reaction performance— 


NCNCN 
ok 


tributyl(cyclohexyl)ammonium dicyanamide 
melting temperature —43°C 


Low viscosity water miscible organic salt liquid at 
room temperature— 


Figure 3.3 Examples of room temperature non-aqueous ionic liquids (NAILs). Incorporating 
a mismatch of cation and anion sizes, organic salts can be generated that are 
liquid at room temperature. 


The electron affinity of an atom is the energy released when the neutral atom captures an 
electron, as shown by: 


М + е — М + energy 


atom electron anion 


An atom with a large ionization potential will resist giving up electron density to the other 
partner in a bond. An atom with a high electron affinity will tend to compete effectively for elec- 
tron density in a bond. The electronegativity of an atom thus depends on its ionization potential 
and its electron affinity. Usually, electron affinities are assigned values on a scale of 0—4 devised 
by Linus Pauling. The most electronegative atom is fluorine (it has a relatively high ionization 
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ò+ 6- 


— 


Ғісиве 3.4 The bonding molecular orbital of НСІ. The electron density is skewed toward 
the chlorine end of the bond. The arrow indicates the direction of the bond 
dipole, the head representing the negative end. The polarity of a bond is 
related to the electronegativity difference of the bound atoms. The orbital 
shown contains a pair of electrons. 


potential and a high exoergic electron affinity). Fluorine is assigned an electronegativity of 4 on 
the Pauling scale, and other atoms have smaller electronegativities. Electronegativities of some 
common atoms are listed in Table 3.1. 

A bond dipole is a measure of the separation of charge between two bonded nuclei. 
Quantitatively, the bond dipole (и) is given by the product of the distance (ғ) between the cen- 
ters of positive and negative charge, and the magnitude of charge (4) at each center. 


и = (га) 


The bond dipole is represented by ап arrow with the tail at the center of positive charge and 
the head at the center of negative charge, as shown for hydrogen chloride in Figure 3.4. 

For molecules more complex than diatomics, the dipole moment is the vector sum of all of 
the individual bond dipoles in the molecule. Since hydrogen chloride contains only one bond, 
the bond dipole is also the dipole moment. 

The dipole moment of a compound can be measured by placing it between the plates of a 
capacitor for which the capacitance is known. When the material between the plates has a 
dipole moment, it causes the discharge of the capacitor to occur at a lower potential (voltage) 
than in the absence of that material. The difference in capacitance measured by the two experi- 
ments (with and without the polar material) provides a measure of the dipole moment of the 
material. 

The experimental measurement of individual bond dipoles is impossible unless the molecule 
is a simple diatomic such as hydrogen chloride. For molecules more complex than diatomics, 
experimental measurement provides the overall dipole moment, which represents the vector sum 
of all of the bond dipoles present. The vector sum takes into account not only the magnitudes of 
the individual bond dipoles but also their directions. 

A molecule may be nonpolar even though it contains individual polar bonds. The molecule 
is nonpolar if the vector sum of the bond dipoles is zero. This phenomenon is observed with 
numerous molecules such as carbon dioxide (linear) and boron trifluoride (planar trigonal), 
which are shown in Figure 3.5. In both of these molecules the center of positive charge hap- 
pens to coincide with the center of negative charge. Unshared pairs of electrons contribute to 
the overall dipole moment of a molecule. Consider the ammonia molecule as an example. In 
addition to three bond dipoles, one for each nitrogen-hydrogen bond, it also has a so-called 
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Taste 3.1 Pauling Electronegativities for Atoms Commonly Found in Organic Compounds. 


Atom Electronegativity 
H AI 
Р 21 
(С 25 
5 25 
І 25 

Вг 2.8 
N 3.0 
С1 3.0 
O 3 
F 4.0 
+> 74 я 
О--С--О Е-- ка! 
== sec F 
carbon dioxide boron trifluoride 


FIGURE 3.5 Bond dipoles contributing to the dipole moment of molecules. Both carbon 
dioxide and boron trifluoride have zero net dipole moments, although they 
have nonzero bond moments. The individual bond moments are in directions 
such that they cancel each other. 


atomic dipole associated with the unshared electron pair. An unshared electron pair on 
nitrogen has a directional character associated with it. The observed dipole moment is a vector 
sum of the three nitrogen-hydrogen bond dipoles and the single atomic dipole moment, as 
shown in Figure 3.6. 


INTERACTIONS or DIPOLES 


An important consequence of bond polarity is that it tends to impose a degree of order on a col- 
lection of molecules. The positive center of one molecule tends to become associated with the 
negative center of a neighboring molecule. For example, there are sizable interactions among 
neighboring hydrogen chloride molecules as a result of dipole-dipole interactions, as shown in 
Figure 3.7. 

Although they are much weaker than the electrostatic interactions in an ionic lattice, dipole- 
dipole interactions are very important. We usually find appreciably higher melting and boiling 
temperatures for polar covalent materials compared with nonpolar materials of similar molecu- 
lar weight. For example, we find that hydrogen chloride, of molecular weight 36, has a boiling 
temperature of —85?C. The nonpolar molecules of oxygen (molecular weight 32) and fluorine 
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\ The net dipole moment is the 
vector sum of the three bond 
dipoles plus the atomic dipole. 
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Figure 3.6 Dipole moment of the ammonia molecule. The geometry of the ammonia 
molecule is similar to that of methane, with the unshared pair of electrons in 
place of one of the hydrogens of methane. 
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Figure 3.7 Interaction of dipoles in hydrogen chloride. Centers of opposite charge 
associate with each other due to electrostatic interactions. 


(molecular weight 38) have boiling temperatures about 100C? lower (—183°C for oxygen and 
—188°C for fluorine). 

There are some exceptions to the general rule. If one end of a dipole is buried or shielded, it 
is difficult for the molecules to associate with neighboring molecules through dipole-dipole 
interactions. In fact, like poles of two adjacent molecules can then cause a repulsive interaction. 
This effect is seen if we compare the properties of some organic compounds with their perfluo- 
rinated analogues (г.е., compounds in which all of the hydrogen atoms have been replaced by 
fluorine atoms). Compare, for example, acetone (3.1) and hexafluoroacetone (3.2); the locations 
of partial charges are shown. 


8— 
ô- О 
| ss б— | ӧ+ ô- 
N 
НС е» CH; F3C CF 
acetone hexafluoroacetone 
3.1 3.2 


The fluorinated compound has a periphery of electronegative atoms constituting a sheath of 
negative charge. The more electropositive carbon is buried within this sheath. The result is that 
neighboring molecules feel a repulsive interaction between their negative sheaths. 
Hexafluoroacetone is more volatile than is acetone, in spite of its higher molecular weight and 
highly polar bonds. In fact, hexafluoroacetone has a boiling temperature of —26°C at 1 
atmosphere pressure and so is a gas under normal laboratory conditions. Acetone (normal 
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boiling temperature 56°C) is a liquid under normal laboratory conditions. Similar differences in 
volatility are often found between pairs of molecules that differ in having all of the hydrogen 
atoms replaced by fluorine atoms. 


3.4 Vander UJaals FORCES 


THe NATURE OF THE FORCES 


Nonpolar molecules aggregate because of attrac- 
tive van der Waals forces. These forces arise 
from the transient attraction of electrons of one JOHANNES DIDERIK 
molecule to the nuclei of another. а: 

The electron clouds surrounding the nuclei of 


Chemical Biography 


VAN DER WAALS 


a molecule (or the nucleus of an atom) are in b. 1837 

constant oscillation. As the electrons oscillate in ире 

space, the nuclei can become slightly exposed. Ph.D. University of Leiden 1873 
Electrons on a nearby molecule then experience Nobel Prize (Physics) 1910 


an electrostatic attraction toward the exposed 
nucleus, as is illustrated in Figure 3.8. 

These van der Waals attractive forces exist in all samples of matter, not just those composed 
of nonpolar molecules, although they are often weak in comparison with other types of inter- 
molecular forces (and thereby they are relatively unimportant). These van der Waals forces 
become dominant in the absence of other forces. 

In general, the greater the number of electrons in a molecule or atom, the more easily 
polarized (distorted) they are. Atoms (or ions or molecules) with large numbers of electrons 
(diffuse collections of electrons) are said to be easily polarizable. The van der Waals forces 


(шин 


Normal electron oscillation causes Electrons about a nearby 

a nonsymmetrical electron nucleus are momentarily 
distribution, partially exposing the attracted to the partly exposed 
nucleus on one side. nucleus, distorting their 


distribution about their 
own nucleus. 


Figure 3.8 Transient polarization of electrons about a nucleus. Normal electron oscillations 
cause the temporary displacement of the electrons surrounding the nucleus on 
the left, resulting in an attractive force on the electrons of the molecule to the 
right. The weak force holding the two molecules together is called the van der 
Waals force. 
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become more important with increasing molecular weight and often with increased surface area 
of the molecule, because increased molecular weight is associated with an increased number of 
electrons. For this reason, molecules with similar structural characteristics (e.g., the linear, 
unbranched alkanes) exhibit increasing boiling points with increasing molecular weight. 


THe INFLUENCE OF SHAPE ON VAN DER WAALS INTERACTIONS 


The van der Waals attractive forces depend not only on the number of electrons in a molecule 
but also on the area of contact of a molecule with its neighbors. For example, molecular hydro- 
gen exhibits a boiling temperature some 16 С° higher than does helium. Both a hydrogen 
molecule and a helium atom contain two electrons, but the helium atom has a spherical sym- 
metry while the hydrogen molecule is elongated. The elongated form of the hydrogen molecule 
makes its electron pair more diffuse, resulting in a greater contact area with neighboring mole- 
cules. We can use a simple analogy to illustrate this point. Imagine gluing two spheres together. 
There can be only one point of contact, and the glue joint will be weak. In contrast, if we glue 
two cylinders along their lengths, there are many points of contact and the glue joint is much 
stronger. If we glue together two boards, an extremely strong joint results because of the very 
high surface area and multiple contact points. 

We see this effect with organic compounds. Consider two isomers of formula СН», pentane 
(3.3) and neopentane (3.4). Neopentane is more compact than is pentane. It is virtually spheri- 
cal in its electron distribution, whereas pentane is elongated (and actually bent along the chain 
rather than linear). We find that pentane has a boiling temperature 26 C? higher than that of 
neopentane. For each molecule, the relative surface areas available for van der Waals interac- 
tions are illustrated schematically in Figure 3.9. 


H,C—CH,—CH,— CH, — CH, 


neopentane 
pentane (2,2-dimethylpropane) 
3.3 3.4 


We find an interesting crossover in the order of melting temperatures for pentane and 
neopentane. Of the two molecules, pentane has a considerably lower melting temperature 
(-129.89С compared with —16.8°C for neopentane). The reason for the crossover lies in 
the improved ability of the more spherical neopentane to pack into a crystal lattice. Neopentane 
molecules are always spherical. Pentane molecules, on the other hand, can twist into a variety 
of shapes (try this with your molecular models or virtual models on the computer). A collection 
of objects with identical shapes packs more efficiently than does a collection with a variety of 
possible shapes. The pentane molecules could all line up in identical shapes alongside each 
other, but this would occur at a tremendous entropy cost. Neopentane molecules are always of 
the same shape with the optimal packing conditions. The improved efficiency of packing of 
neopentane molecules results in a more stable crystal and a higher melting temperature. 
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Figure 3.9 Relative surface areas for van der Waals surface interaction. Тһе pentane 
molecules on the left have a much greater surface area for interaction then do 
the neopentane molecules on the right. 


3.5 HVDROGEN BONDS 


Some compounds containing hydrogen exhibit a powerful type of attractive force on neighbor- 
ing molecules. The phenomenon, known as hydrogen bonding, is of particular importance for 
compounds containing hydrogen that is covalently bound to small, highly electronegative atoms. 
That is, it is most important when the hydrogen is bound to oxygen, nitrogen, or fluorine. 

A hydrogen bond is weaker than either an ionic or covalent bond, but it can be much stronger 
than dipole-dipole or van der Waals interactions. Its strength can be as much as one-tenth that 
of an ordinary covalent bond. As a result, hydrogen bonds can significantly influence both the 
physical and chemical characteristics of molecules. Aside from effects on boiling point and 
solubility (see section 3.6), hydrogen bonds play particularly important roles in biological 
processes. 

We can view a hydrogen bonding interaction in the following way. When hydrogen forms a 
covalent bond with a more electronegative atom, the shared electron pair is greatly distorted 
toward the more electronegative end. This concentration of electron density at the negative pole 
of the dipole was discussed earlier for hydrogen chloride and shown in Figure 3.4. In an extreme 
situation, the hydrogen end of the bond is largely denuded of electron density and exhibits a vir- 
tually permanently exposed hydrogen nucleus. It can then act as a hydrogen donor, since the 
exposed hydrogen nucleus is able to exert a large attractive force toward electron-rich atoms of 
neighboring molecules. However, for hydrogen bonding to occur, there must be a hydrogen 
acceptor on the neighboring molecule. The atoms most likely to be able to function as hydrogen 
acceptors are the strongly electronegative oxygen, nitrogen and fluorine, just those types of atoms 
bound to the exposed hydrogen acting as a hydrogen donor. 
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FicuRE 3.10 Hydrogen bonding among ethanol molecules. The dashed lines represent the 
hydrogen bonds. The interactions extend in three dimensions; only one plane 
is shown here for the sake of clarity. 


A local view of hydrogen bonding in liquid ethanol is illustrated in Figure 3.10. One ethanol 
molecule functions as a hydrogen donor while a neighboring molecule acts as a hydrogen acceptor. 

Hydrogen is unique in that it is the only atom that, although bound in a molecule, can be vir- 
tually denuded of surrounding electron density on one side by attachment to an electronegative 
atom. Not surprising, no analogies of hydrogen bonds are found when atoms other than hydro- 
gen are bonded to electronegative atoms. All others have present unshared electrons between the 
nucleus and the surrounding environment. 

Substances whose molecules can associate by hydrogen bonding exhibit significantly higher 
boiling temperatures than substances of similar molecular weight that can not participate in 
hydrogen bonding. For example, the boiling temperature of water (100°C) is 267 C? above that 
of nonpolar (and non-hydrogen bonding) methane, and it is 167 C? higher than that of hydrogen 
bromide, despite the much higher molecular weight of the latter. 


Special Topic 


Hydrogen Bonding in Biological Systems 


Intermolecular hydrogen bonds play a profound role in the behavior of biological molecules. Not 
only are hydrogen bonds important for influencing the interactions of cellular water with the polar 
functional groups of a variety of biological molecules, but hydrogen bonding also occurs between 
biological molecules themselves. One of the most important examples of hydrogen bonding between 
biological molecules is in the interactions of nucleic acid molecules. Deoxyribonucleic acids (DNA) 
are extremely large molecules composed of linear chains of four similar units (nucleotides) with dis- 
tinguishing structural characteristics. The DNA of a cell provides a chemical blueprint for the 
ultimate construction of enzymes, a major category of catalysts of biological processes. 

DNA exists as an associated pair of complementary nucleic acid chains. That is, a given nucleotide 
unit in one chain is matched by a particular nucleotide in its accompanying chain. The chains are 
paired through hydrogen bonds that link portions of the nucleotide units. The hydrogen bonding illus- 
trated below shows the two sets of pairings that occur among the four types of nucleotide units. The 
heterocyclic bases (units wherein an unshared pair of electrons that can act as a base exists on a nitro- 
gen atom bound within a ring system) thymine and adenine are complementary. They are coupled by 
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two well-placed hydrogen bonds (dashed lines). Each hydrogen bond can provide about 5 kcal/mole 
stabilization. The heterocyclic bases cytosine and guanine are also complementary. They are coupled 
by three hydrogen bonds (dashed lines). 
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If a pairing other than thymine to adenine or cytosine to guanine is attempted, the association is 
inefficient. For example, thymine and guanine are not complementary and they pair poorly. They can 
be coupled by only one hydrogen bond (dashed bond). Furthermore, there are repulsive interactions 
(wavy line barriers) where other hydrogen bonds could be located with favorable pairings. 
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The hydrogen bonding and base-pairing interactions shown here are of the Watson-Crick type. 
Other types of interactions between DNA chains are known. Nucleic acids will be discussed in detail 
in Chapter 28. 


3.6 SOLUBILITIES 


Types OF SOLVENT 


A solution is a homogeneous mixture of two or more substances. We generally refer to the sub- 
stance present in the greater amount as the solvent. Other substances present in the solution are 
referred to as solutes. In organic chemistry, we are generally concerned with liquid solvents, 
since most reactions are performed in the liquid phase. 

Consider a salt or a highly polar substance dissolved in a liquid solvent. Oppositely charged 
ions dispersed throughout the solvent experience a mutual attraction. Similarly, the opposite 
ends of highly polar substances tend to associate. The ability of a solvent to separate oppositely 
charged ions (i.e., shield them from each other) is measured by its dielectric constant, given Ше 
symbol 2. More rigorously, the dielectric constant is defined by Equation 3.1, where the force 
of interaction, F, of two oppositely charged particles is related to the magnitude of the charges 
(41 and 42) and to the distance separating them (ғ). 


2 
Е- (4142)/Еғ (Eq. 3.1) 


The greater the value of £, the lower the force of attraction (or repulsion for like charged 
species) at a given distance. If only empty space separates a pair of charges, then е has the value 
of unity. Polar solvents have relatively high dielectric constants (greater than 20) and include 
water, simple alcohols, and dimethyl sulfoxide. Apolar solvents have lower dielectric constants. 


Included in this latter category are hexane and tetrachloromethane. The dielectric constants of 
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a series of common solvents are listed in Table 3.2. 


TABLE 3.2 Dielectric Constants of a Series of Common Solvents. 


Name 
hydrogen cyanide 


water 


formic acid 


dimethyl] sulfoxide 


nitrobenzene 


methanol 
ethanol 


acetone 


1-propanol 
1-butanol 


pyridine 


chloroacetic acid 


acetic acid 


diethyl ether 
tetrachloromethane 


hexane 


Structure 
H—C=N 


xe 
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CH,CH,OH 
Н.С CH; 


eo 


|| 
О 
CH4CH,CH,OH 
CH4CH;CH;CH,OH 


|| 
О 
CH,CH,OCH,CH; 
CCl, 


CH,CH,CH,CH,CH,CH; 


Dielectric Constant (ғ) 
114 (20'C) 
145 (2) (C 


58 (16°C) 


47 (25°C) 


27 ме) 


32.6 (25 ©) 
24.3 (25°С) 
20.7 200) 


201 (25°C) 
17.8 (20°C) 
12 325 С) 


12.3 (60°С) 


6.2 (20'C) 


4.3 (20'C) 
22,206) 
1.89 (2070) 
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Liquid solvents are often classified in several ways. In this context, the following terms are 
frequently used: 


¢ Polar solvent—a solvent that has a high dielectric constant. 
¢ Apolar solvent—a solvent that has a low dielectric constant. 


¢ Protic solvent—a solvent that contains molecules that can act as hydrogen bond donors 
(in these solvents hydrogen atoms are bound to oxygen or nitrogen; examples include 
water, methanol and liquid ammonia). 


* Aprotic solvent—a solvent that contains molecules that cannot act as hydrogen bond 
donors (common examples are acetone and dimethyl sulfoxide). 


A polar solvent is defined in terms of its dielectric constant and not in terms of the polarity 
of its molecules. While the two characteristics are related, there are many examples of low 
dielectric solvents (by definition, apolar) that have polar molecules, such as acetic acid. When 
we refer to the polarity of a molecule we consider its dipole moment. When we consider the 
polarity of a material acting as a solvent we consider its dielectric constant. While individual 
molecules of a particular substance might be polar, their aggregated state (liquid) might not 
exhibit a high dielectric constant owing to the nature of their aggregation. 


THe SOLUTION PROCESS 


Consider the process of common salt (NaCl) dissolving in water. Solid sodium chloride consists 
of a very ordered crystal lattice of sodium and chloride ions. This lattice is very stable. We must 
heat sodium chloride to a temperature in excess of 800°C in order to melt it, yet sodium chlo- 
ride dissolves spontaneously in pure liquid water. Although we provide no heat energy, the 
crystal lattice is disrupted and the sodium and chloride ions become dispersed in the water solu- 
tion. What is it about the dissolved state of sodium chloride in water that provides the driving 
force for the dissolution process? Why does sodium chloride not dissolve in hexane, while many 
organic substances dissolve in hexane but not in water? In order to answer these and other ques- 
tions about the dissolved state, we must consider the solution process in some detail. 

Consider a liquid solvent. Although the molecules are in motion, there is an order to the 
system. Intermolecular bonding is present as a result of a variety of forces, including hydrogen 
bonding, dipole-dipole interactions, or van der Waals forces. With hydroxylic solvents (e.g., water 
and alcohols) hydrogen bonding is quite important. In alkane solvents, such as hexane, hydrogen 
bonding interactions are non-existent and the weaker van der Waals forces are the major source 
of intermolecular attractions. 

In order to have a solute species dissolve in the liquid solvent, it must make and then occupy 
a “hole” in the collection of solvent molecules. The creation of such a “hole” in the solvent 
requires that intermolecular attractions among some solvent molecules be broken. This is an 
energy-requiring process. If it is to occur, then at some point in the overall dissolution process 
there must be some energy-supplying process to compensate for it. 

There is a similar requirement for the solute. Solute species (ions or molecules) in the 
process of dissolving must become separated from neighboring solute species in the original 
sample—this again is an energy-requiring process. This energy requirement can be very large if 
an ionic substance such as sodium chloride is to dissolve. Again we see that there is a need for 
an energy-supplying process at some point in the dissolution so that the overall process is 
energetically favorable. 


CHAPTER 3 + INTERMOLECULAR AND Астр-Вазе INTERACTIONS 91 


The energy-supplying process occurs as the solute is placed in the "hole" in the solvent. 
New, energy-releasing intermolecular attractions can occur between solute and solvent. The effi- 
ciency of these energy-releasing interactions determines if a particular solute will dissolve in a 
given solvent. These individual components of the total dissolution process are illustrated 
schematically in Figure 3.11. (Remember, the individual steps have been separated from each 
other to assist us in viewing the overall process. In reality, the steps are occurring concurrently, 
or nearly so.) 

By considering the structure of organic compounds and the nature of their intermolecular 
attractions, we can predict which solutes are likely to dissolve in particular solvents. The gen- 
eral rule of thumb is that like dissolves like. For example, alkanes are good solvents for other 
materials that also associate primarily by van der Waals forces. Much more polar materials, such 
as water or inorganic salts, are not soluble in alkanes. There is negligible energy release upon 
placing the water molecule or inorganic ion in the alkane “hole.” It does not compensate for the 
energy requirement associated with breaking up the order of the liquid water structure or the 
ionic lattice. 

Similarly, water is a poor solvent for medium-sized or large alkanes and other nonpolar 
organic compounds. Although the alkane molecules are separated with relative ease, there is 
insufficient energy release upon placing the alkane in the water to compensate for making the 
“hole” in the liquid water. However, water is a good solvent for many salts and for polar organic 
molecules, such as some alcohols, aldehydes, ketones and carboxylic acids. 
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ЛЕ; 


AE, occupation of solvent 
generation of “hole” by solute 
a “hole” in particles with resultant 


solute/solvent 
interaction 


the solvent 


solute + solvent 


solution 


FIGURE 3.11 Energetics of dissolution. Тһе energy-requiring processes (ЛЕ; and AE;) and 
energy-supplying process (AE3) are shown. If —AEs is small compared to (AE; + 
ЛЕ) dissolution is unfavorable. These energy terms include both bond energy 
(enthalpy) and organizational (entropy) factors. 
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Organic molecules become both more versatile solutes and more versatile solvents if they 
contain certain types of polar functional groups. For example, hydroxyl groups and other func- 
tional groups that bear unshared electron pairs at the valence level increase the solvent power of 
organic molecules. Polar functional groups allow dipole-dipole interactions to occur in addition 
to van der Waals forces. Hydroxyl groups provide hydrogen bonding capabilities for the organic 
compound, as is illustrated in Figure 3.12 for interaction of ethanol with an inorganic anion. 

Unshared valence level electron pairs serve as potential binding sites for electron-deficient 
species, either cations or hydrogens capable of hydrogen bonding. The interaction between the 
unshared electron pairs on the oxygen atom in ethanol and a sodium ion is shown in Figure 3.13. 

The sodium ion in Figure 3.13 is said to be solvated by ethanol molecules. The ethanol mol- 
ecules interact with the sodium ions in the specific way shown. This interaction is actively 
involved in keeping the ion in solution. 

We see from this analysis that ethanol has a much broader power as a solvent than does 
hexane. Ethanol is able to participate in hydrogen bonding to stabilize other hydroxylic solutes, 
such as water. Even many inorganic salts have sizable solubilities in ethanol. Yet its own inter- 
molecular attractive forces are sufficiently weak that an effective “hole” can be created for a 
weakly interacting solute (such as hexane). 

Hexane, on the other hand, can act as a solvent only for relatively weakly interacting solutes. 
It can provide no stabilization for solute molecules or ions that themselves have strong interactions. 

Molecules such as organic ethers have intermediate solvent characteristics. The unshared 
valence level electron pairs are able to interact to a limited extent as receptors for hydrogen 
bonding. With ordinary ethers, however, the unshared electron pairs are insufficient to allow 
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FIGURE 3.12. Interaction of ethanol as a solvent with chloride ion. Only a portion of the 
total (three-dimensional) interactions are shown to preserve clarity in the 
illustration. 
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FIGURE 3.13 Interaction between the oxygen of ethanol and a sodium ion. Again, only 
some of the interactions are shown to preserve clarity. 
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most inorganic salts to dissolve to any significant extent. Exceptions are found when the salt is 
a strong Lewis acid (next section). For example, MgCl, and А1СЪ are quite soluble in simple 
ethers. Molecules containing several ether linkages also have special solvating abilities (see 
Supramolecular Effects later in this chapter). 


3.7 ACIDS AND BASES 


Lewis ACIDS AND BASES 


We classify molecules that serve as electron-pair donors as Lewis bases and molecules that 
serve as electron-pair acceptors as Lewis acids. In Figure 3.14 we illustrate a reaction in which 
ammonia behaves like a Lewis base and aluminum chloride behaves like a Lewis acid. The 
curved-arrow formalism introduced in Chapter 1 is used in this figure to illustrate the electron- 
pair donation. 


BRONSTED ACIDS AND Bases 


Substances that serve as proton donors are clas- 
sified as Brgnsted acids, and substances that 
serve as proton acceptors are classified as JOHANNES NICOLAUS 
Brgnsted bases. Since a Brgnsted base must use CIO M E IEEE 
an electron pair to bind the proton it accepts, it 
follows that it is also a Lewis base. All Bronsted РА 
; . а. 1947 

bases are Lewis bases. However, the converse is 
not true. For example, the ammonia molecule in Eno Univeretty У 1908 
Figure 3.14 is not behaving as a Brgnsted base 
since it is not accepting a proton. We see that our classification depends on the way a compound 
behaves in a particular reaction. Sometimes ammonia does behave as a Brgnsted base, as when 
it accepts a proton from hydrogen chloride to form ammonium chloride, and sometimes it does 
not, as in the reaction of Figure 3.14. Therefore, we should not say that ammonia is or is not a 
Brgnsted base, but rather that it either does or does not behave as a Brgnsted base in some par- 
ticular reaction. 

The unqualified use of the term acid and base is usually taken to mean а Brgnsted acid or 
base. If our intention is to denote a species as being a Lewis acid or base, we should specifically 
state 1t. 
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Figure 3.14 Reaction of a Lewis acid апа a Lewis base to form a Lewis acid-base complex. 
The donation of the electron pair is illustrated using the curved-arrow 
formalism. 
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MEASUREMENT OF ACID AND Вазе STRENGTH 


We commonly speak of the strengths of acids and bases. The strength of a Lewis acid in general 
is a measure of its ability to serve as an electron-pair acceptor. Similarly, the strength of a base 
is its relative ability to serve as an electron-pair donor. If we wish to compare the relative 
strengths of two acids, we do so by looking at their reaction with some Lewis base that acts as 
a standard for comparison. The acid that causes the equilibrium in Figure 3.15 to lie farther to 
the right is called the stronger acid. 

When we compare Brénsted acids, we generally use water as the standard base. The relative 
acid strengths are then determined as shown in Figure 3.16. 

For each of the reactions shown in Figure 3.16, the reverse process is also an acid-base reac- 
tion. For the reverse processes the acid is the hydronium ion (НзО+) and the base is the anion 
derived from the original acid (A,~). The species А,“ is called the conjugate base of the acid 
HA,. The stronger the acid HA,, the weaker is its conjugate base, Ал“. If we compare the two 
acids НА, and НзО+, the equilibrium lies to the side of the weaker acid. 


Ky 


Acid, + Base LY Product, 


Ку 


Acid, + Base <> Product, 


K, > Ky 
Figure 3.15 Comparison of acid strengths. Using the same base, the acid that causes the 


equilibrium to lie farther to the right is called the stronger acid. As Ко is 
greater than Ку, Acid ; is stronger than Acid;. 


HA, + НО =  H40*« Ay 


HA, + H,O «— — — но“ + А 


pK, = -log K, pK, < pK, 


FIGURE 3.16 Comparison of strengths of Bronsted acids. Water is used as the standard 
base in this comparison. НА) is a stronger acid than is НА.. We often use pK; 
rather than K, to denote the strength of an acid. The stronger acid is the one 
with the smaller (less positive) pK;. 


CHAPTER 3 + INTERMOLECULAR AND Астр-Вазе INTERACTIONS 95 


We use a similar notation for the comparison of base strengths. We compare two bases by 
looking at their reaction with a given acid. The base that causes the equilibrium to lie farther to 
the right is the stronger base, as is illustrated in Figure 3.17. 

The reverse of each reaction in Figure 3.17 is also an acid-base reaction. For the reactions 
shown, the species B,H* is referred to as the conjugate acid of the base B,:. The stronger the 
base, the weaker the conjugate acid. If we compare the two related bases B4: and HO- in these 
reactions, the equilibrium lies to the side of the weaker base. /n general, all acid-base equilib- 
ria lie to the side of the equation containing the weaker acid and the weaker base. This is a very 
important generalization that you should commit to memory. 

It has become common practice to express both acid and base strengths in terms of pK, val- 
ues. For a base, we work with the pK, of the conjugate acid. For example, the base strength of 
ammonia is expressed in terms of the pK, of its conjugate acid, the ammonium ion. In Table 3.3 
are listed the strengths for a series of common acids expressed in terms of pK, values. 
Remember, since these are negative logarithmic terms, the less positive the pK,, the stronger is 
the acid. 

We can make some generalizations regarding acid strength based on the element to which 
the hydrogen is bound in the acid. Within a given period of the periodic table, acidity increases 
going to the right for acids of the type HA. For example, we observe the following relative acid 
strengths: 


Н.С < H3N < Н.О < HF 


Organic derivatives of these molecules show the same trend in acidity. That is, alcohols are 
more acidic than are amines, which are more acidic than are alkanes. 

Similarly, going down a column of the periodic table, the acidity increases for acids of the 
type HA. For example: 


HF < НС] < HBr < HI 


We will go on to make more extensive correlations of acidity and structure as we meet dif- 
ferent families of organic compounds. 


Kı 
B: + H,O =”  вн" + но” 
K2 
B: + H,O <=  gjH* + HOT 
К, > Ky 
рК, = -log Ky рК; < pky 


Figure 3.17 Comparison of base strengths by reaction with a common acid (water). Тһе 
larger the value of Къ, the stronger the base. Thus, B:2 is a stronger base than is В:1. 
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Тавік 3.3 pK, Values for a Series of Acids. 


Compound Structure pK, 
perchloric acid HCIO, =110 
hydrogen chloride HCI =! 
formic aci ; 
ormic acid H. ОН 2 
С 
|| 
(0) 
acetic acid 4.7 
НЗС „ОН 
С 
| 
(0) 
ammonium chloride NH,Cl 92 
phenol DIO 
Open 
2-chloroethanol CICH,CH,OH 14 
water H 16 
/ 
H—O 
methanol CH40H 16 
ethanol CH4CH;OH 17 
2-propanol H,C—CH— CH, 18 
| 
OH 
2-methyl-2-propanol CH; 19 


| 
H4C— ССН; 
| 


OH 
acetylene H C=C H 25 
ammonia NH; 34 
ethane H4C — CH; 42 


Basic SITES ON SOLVENTS 


Solvents that bear an unshared electron pair can have stabilizing interactions with solutes by 
donating that electron pair. The solute must have an electron-deficient site to interact with the 
electron pair from the solvent. The solvent behaves as a Lewis base and the solute behaves as a 
Lewis acid. 
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CH,CH, CH,CH, 


/ ЊУ 
CH;CH, сн,сн; 


Figure 3.18 Interaction of unshared electron pairs on oxygen of diethyl ether with 
magnesium ion. 


Organic molecules that have such unshared electron pairs include the amines, ethers, 
alcohols, and carbonyl compounds (aldehydes and ketones). Of these, the amines (with an 
unshared electron pair on nitrogen) are the most basic. Although ethers have two unshared elec- 
tron pairs per oxygen, they are significantly less basic than are the amines. They can, however, 
interact with Lewis acids, including inorganic cations, as shown in Figure 3.18. 


Lewis ACID SITES ON SOLVENTS 


A Lewis acid site is one that is electron-deficient. For purposes of solvation, it is not necessary 
that such a site be a strong acid (as we think of strong mineral acids in inorganic chemistry). 
Rather, it need only be a site that is moderately electron-deficient due to the presence of a more 
electronegative atom. The hydroxylic proton of an alcohol is such an acidic site. It is capable of 
interacting with sites that can donate an electron pair. Alcohols thus contain both acidic and 
basic sites, and this feature is a major factor in their serving as good solvents. 

Carbonyl compounds also bear electron-deficient sites, but are somewhat less efficiently sol- 
vated that the alcohols. They are capable of interacting with basic reagents both as solvents and 
as substrates for chemical reactions. 


Special Topic 


Supramolecular Effects 


The attractive interactions among molecules in a condensed phase, in contrast to the covalent bonds 
within molecules, are a simple form of what has been termed supramolecular effects. 
Supramolecular effects are the transient interactions of two or more molecules that allow other bond- 
ing changes to occur. The attractive intermolecular forces that we have been discussing in this 
chapter are the sources of these supramolecular effects, which have long been recognized to occur 
in the enzyme-substrate interactions of biological systems. However, it is only in relatively recent 
years that these effects have been applied to the performance of laboratory synthetic procedures. The 
efforts of Charles J. Pedersen, Donald J. Cram, and Jean-Marie Lehn in this area of chemistry led to 
their being awarded the 1987 Nobel Prize in chemistry. 

Most inorganic salts are insoluble in most organic solvents. However, a major area of investiga- 
tion of supramolecular effects has involved the development of ionophores, organic compounds that 
bind strongly to inorganic cations. Strong binding of the cation of an inorganic salt to an ionophore 
allows the entire salt to dissolve in organic solvents. Although the cation is bound by the ionophore, 
the anion of the salt is relatively free to float as a naked anion through the organic solution. This free- 
dom enhances its reactivity and allows it to participate in reactions with organic materials dissolved 
in the medium that would otherwise not be possible. 


98 ORGANIC CHEMISTRY 


The molecule shown here is an example of such an ionophore. It contains six ether-type oxygens 
in a particular spatial relationship, and it is able to capture a potassium cation and bind it strongly. It 
is commonly referred to as 18-crown-6. 
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While we might expect other cations to bind to this ionophore, potassium ion is just the right size 
to fit in the cavity. The anion originally associated with the potassium ion then becomes free (naked) 
in the organic solvent and is able to perform reactions. 

The generation of the naked anion would not be possible using a simple ether in solution. 
Simple ethers do not have the structural organization to provide sufficient interaction with the potas- 
sium cation to remove it completely from the anion. It requires several electron-pair donating sites 
acting in concert to provide the full binding potential. With the ionophore, the necessary organiza- 
tion is already present prior to interaction with the cation. Fundamentally, the entropic problem 
associated with ordinary ether solvation of cations has been overcome in the prior synthesis of the 
18-crown-6. 


Molecular Orbital Analysis 


Acids and Bases 


Much of organic chemistry can be understood in terms of Lewis acid-Lewis base reactions. One 
reagent donates a pair of electrons, and another reagent accepts the pair of electrons. A new bond is 
generated in the process. At the same time, other old bonds may be broken. A molecular orbital 
analysis of such reactions is often useful for providing insights beyond those given by simple valence 
bond theory. 

The product of a Lewis acid-base reaction has its own set of molecular orbitals, distinct from 
those of either reactant. A useful way to consider these orbitals is to look at the ways in which the 
orbitals of the reactants can interact. 

Suppose we focus on the molecular orbitals immediately involved in the bond-breaking/making 
process. Specifically, in a Lewis acid-Lewis base reaction we consider the interaction of the highest 
occupied molecular orbital (HOMO) of the Lewis base with the lowest unoccupied molecular 
orbital (LUMO) of the Lewis acid. In a simple sense, we can think of the Lewis base HOMO as 
being the source of the donated electron pair. Similarly, the Lewis acid LUMO is the acceptor of the 
donated electron pair. 

Why should we consider these particular molecular orbitals for interaction? Fundamentally, 
orbitals that are potentially interacting will more likely do so the closer they are in energy to each 
other. It is unlikely that any filled orbital of the Lewis base and empty orbital of the Lewis acid will 
be closer together in energy than the respective HOMO and LUMO. Thus we refer to the interacting 
HOMO and LUMO as the frontier molecular orbitals for that system. We will often look to the 
HOMO of the Lewis base component (electron-providing reagent) and the LUMO of the Lewis acid 
(electron-accepting reagent), the frontier molecular orbitals, to help us to understand the nature of a 
reaction. In all instances we consider the interaction of a filled orbital of one molecule (its HOMO) 
with an empty orbital of the other (its LUMO). 

More rigorously, we consider that the HOMO-LUMO will lead to two new molecular orbitals. 
The more stable of these two molecular orbitals will hold the electrons of the newly formed bond 
and the other will remain empty. 

Consider the reaction of ammonia with hydrogen chloride. Ammonia acts as the base in this reac- 
tion. The HOMO is an sp? orbital of nitrogen containing the unshared electron pair. For the hydrogen 
chloride molecule, the LUMO is Ше о" orbital associated with the hydrogen-chlorine bond. 
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Energy 

new 
O* 

dumm 2 H-Cl 

Ж ~ = ох 
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sp 
new С representing 
N-H bond 


Figure 3.19 Molecular orbital representation of new bond formation т the reaction 
of ammonia with hydrogen chloride. Notice that both electrons are more 
stable in a nitrogen-hydrogen bonding orbital of the ammonium ion than 
in the parent nitrogen hybrid orbital of ammonia. This improvement in 
stability is reflected in the driving force of the reaction. 


This interaction leads to new nitrogen-hydrogen o and o* orbitals as shown in Figure 3.19. The two 
available electrons enter the o bonding orbital associated with the new nitrogen-hydrogen bond in 
the product (NH4)*. 

Notice that the two electrons originally in the nitrogen sp? HOMO end up in a more stable orbital 
in the ammonium ion product. You should also appreciate that the improvement in stability depends 
on the degree of HOMO-LUMO interaction. The larger the interaction, the more highly stabilized 
is the molecular orbital of the product relative to the frontier orbitals of the reactants. In many 
instances we find that the efficiency of the HOMO-LUMO interaction is a determining factor in gov- 
erning whether a reaction can occur and/or how fast it occurs. In fact, one of the main uses of frontier 
molecular orbital considerations is to make predictions about the relative rates within families of 
related reactions. In further sections we will see how such predictions work and will also use other 
frontier orbital considerations to provide more useful predictive abilities. 


* In addition to the covalent bonds holding the atoms together in molecules, there are inter- 
molecular attractions that hold molecules together in condensed phases. These intermolecular 
attractions have three fundamental sources: 


* hydrogen bonding 
* dipole-dipole interactions 
* van der Waals forces 
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* Intermolecular forces have a profound influence of the solution characteristics of organic 
compounds. For a given substance they define the types of materials that will dissolve 
readily in it. 

* Intermolecular forces also define how a given substance will behave as a solute, 
determining the solvents in which it will dissolve readily. 


* Using the Lewis concept of acids as electron-pair acceptors and bases as electron-pair 
donors, we can understand the nature of many transient intermolecular interactions. 


* The Lewis concept also allows us to understand the nature of many reactions involving 
changes in covalent bonding in organic molecules. 


Terms to Remember 


intermolecular forces hydrogen bonding conjugate base 
electronegativity solvent conjugate acid 

bond dipole solute highest occupied molecular 
ionization potential dielectric constant orbital 

electron affinity solvated lowest unoccupied molecular 
dipole moment Lewis base orbital 

atomic dipole Lewis acid frontier molecular orbitals 
van der Waals forces Brgnsted acid 


polarizable Brgnsted base 


Problem 3.1 


Refer to the illustration of the sodium chloride lattice in Figure 3.1. The distance between 
the nearest neighbor Na* and CT ions is 2.66 angstrom. If the lattice is extended in three 
dimensions, how many nearest-neighbor Cl ions surround each N а’ ion? What is the 
distance of closest approach of two Na* ions in this lattice? Again, extending the lattice in 
three dimensions, how many Ха“ ions surround each Ма“ ion at this distance of closest 
approach? 


(answer) 


Problem 3.2 


Which of the following molecules has a net dipole moment? For each molecule, show the 
bond dipoles contributing to the net dipole. 


a) ССН 
(answer) 

b) CCl4 
(answer 

с) H,C=C=CH), 
(answer 

d) H2C=O 


(answer) 


Problem 3.3 


In each of the following pairs of molecules (of similar molecular weight), predict which 
will have the higher boiling point.. 


О TE 
a) | апа С. 
H.C~ "CH H; Cc СНз 
(answer 
b) 


СН;ОСН; апа CH, CH, СН; 


(CH3)4C and CF 4 


Problem 3.4 
Arrange the following ions in order of increasing polarizability: 
Br, Е, Г, СГ 


(answer 


Problem 3.5 


Write the structures for each of the isomeric alkanes of formula СН 4. Predict the order 
of their boiling points, from lowest to highest. 


(answer) 


Problem 3.6 


Arrange the following molecules of similar molecular weight in order of increasing 
boiling point. 


CH,CH, CH, CH,CH, 
CH,CH, CH, CH,OH 
CH4CH, OCH, CH, 

jü 

CH; 

i 


CH; 
(answer) 


Problem 3.7 


Point out the most electron-deficient and most electron-rich sites in each of the following 
molecules: 


(b) ux 
CH, 

(c) H; С 
с=о 

HC 

@ BC, 

5—0. 

HC 


Problem 3.8 


Show the contributing bond dipoles for each of the following molecules, and indicate the 
direction of any resultant net dipole moment for the molecule: 


(a) H; CCl, 
) cs, 
©  CH,OH 


(А сі,с-О 


(answer 


Problem 3.9 


Arrange the substances in each set in order of decreasing boiling temperature. 


(a) 
(b) 
(c) 
(d) 
(e) 


pentane, hexane, heptane 

isopentane, neopentane, pentane 

octane, 2-methylheptane, 2,2,3,3,-tetramethylbutane, diethylether 
tetrachloromethane, tetrabromomethane 


3,3-diethylpentane, nonane 


(answer 


Problem 3.10 


Write the structures for all of the isomeric C7Hi¢ alkanes. Arrange them in order of 
decreasing boiling temperature. 


(answer 


Problem 3.11 


For each of the following pairs of molecules, choose the one with the higher boiling 
temperature: 


(a) ^w ОН a “чу a 


(c) 
ү ог о “М 
О 
(д) 
zd d = оон 
О 


(answer 


Problem 3.12 


Which molecules from the following list have a non-zero dipole moment? 


(a) СН, 

(b сна 

© сна, 

а cc, 

(e) ^ H,C-CH, 
(f) 502 

(2) СЕС, 
(h) NOCI 

(i) ВСІ, 

G CS, 


(answer 


Problem 3.13 


Which molecule has the higher dipole moment, СНСВ or CH2Cl2? Explain your answer. 


(answer 


Problem 3.14 


Suggest a reason for the low dipole moment for NF3 compared to NH3. Both molecules 
have bonds of comparable polarities, and both have the pyramidal shape. 


(answer) 


Problem 3.15 


Explain how dipole moment measurement can be used to distinguish whether a molecule 
X-Y -X is linear or bent. Draw a Lewis structure for ozone, Оз. Predict the shape of this 
molecule, and predict whether has a dipole moment. 


(answer 


Problem 3.16 
What are the conjugate acid and the conjugate base for each of the following? 
(a) bicarbonate ion, НСОз 


(b) bisulfate ion, НО, 


(answer 


Problem 3.17 


For each of the following acid-base equilibria, show which is the acid and which is the 
base. Also identify their conjugate acid and conjugate base. 


+ 
(a) (СН;СН,);М + HOCH,CH, ——— (CH3CH,),;NH + “OCH,CH; 
= + 
(b HOCH,CH, + HOCH,CH, — ЊОСН,СН; + `OCH, CH; 


() H,O + HOCH,CH, <= H,0* + 'OCH,CH, 


(answer) 


Problem 3.18 


Each of the following equilibria lies to the right-hand side as shown: 


(a) HC=N + НО” - "CEN + H,O 
(b) H,PO, + "СМ == HCzN + HjPO, 


List in decreasing order of strength (i.e., strongest first) all of the species involved as 
Brgnsted acids in these equations. 


(answer) 


Problem 3.19 
For each pair of molecules, choose the one with the greater acidity. 


(a) CH; CH, OH or СН; СН, NH, 
(b) CH; CH; or СН;СН, ОН 


(© _ CH,CH,OH or CH,CH,SH 


answer) 


Problem 3.20 
Consider the reaction of hydroxide ion acting as a Lewis base and ethanol acting as a 


Lewis acid. Write the acid-base equilibrium process. What are the conjugate acid and 
conjugate base in this equilibrium? 


(answer) 


Problem 3.21 


Arrange the following ions in order of increasing polarizability: 


СН;5 7 СНО СН бе 


(answer) 


Problem 3.22 


Consider the same ions as in Problem 3.21. Arrange them in order of increasing basicity 


answer) 


Problem 3.23 


Diethyl ether, (CH3CH2)20, and boron trifluoride, BF3, react in a Lewis acid-base sense. 
Write the structure of the product, showing all formal charges. 


(answer) 


Problem 3.24 
The Ky for ammonia is 1.8х107. Calculate the Ka for the conjugate acid, МНА”. 


answer) 


Problem 3.25 
The Ка for СИЗМНУ' is 2.5x 107". Calculate the К for the conjugate base, CH3NH2 


answer) 


Problem 3.26 


Two acids, HA and HB, have respective pK; values of 4 and 6. 


(a) 
(b) 
(c) 
(d) 


Which acid is stronger? 
What is the ratio of the larger to the smaller K,? 
Which base is stronger, А or B? 


Could you prepare HA by treating NaA with HB? Explain. 


(answer) 


Problem 3.27 


Designate the most electron-rich and electron-deficient sites in each of the following 
molecules: 


а) CH,CH,CH,CH,Br 
b) CH,CH,SH 
c) (CH3),C=NCH, 


answer) 


Problem 3.28 


Sodium iodide is much more soluble in both water and ethanol than is sodium fluoride. 
What types of solvent-solute interactions occur in these solutions? Draw structures 
showing these interactions. What types of interactions occur in NaF and Nal. Explain the 
greater solubility of Nal compared to NaF in these solvents. 


(answer) 


Problem 3.29 


Consider the molecular orbital diagrams for each of the molecules listed below (refer to 
Chapter 1) What are the HOMO and LUMO of each? 


a) Н, 
b) № 
с) Н>С-СН» (consider the carbon-carbon linkage only) 


(answer) 


Problem 3.30 


Ethanol and hexane are completely miscible with each other. (They mix to form a 
solution in any proportions used.) Explain how you could use water to separate the 
ethanol from the hexane. 


answer) 


Problem 3.31 


Two conformations of the molecule glyoxal are shown below. (The molecule can rotate 
about the carbon-carbon bond.) Which of the two conformations would you expect to be 
more stable, based on the supposition that minimization of the electrostatic repulsions is 
the dominant consideration. What dipole moment would you expect for glyoxal on this 
basis? 


O O 
wo UM S E 
/ \ С 

H H н OS 


answer) 


Problem 3.32 


Give structures for the conjugate bases of ethanol and acetic acid. Which of these 
conjugate bases would you expect to: 


a) have the longer carbon-oxygen bond lengths 
b) be more stablilized 


с) Бе а weaker base 


(answer) 


Problem 3.33 


Hydrogen chloride is a stronger acid than is acetic acid. Which of the following 
preparations would you predict to be successful: 


a) the preparation of acetic acid by the treatment of sodium acetate with 
hydrochloric acid 
b) the preparation of hydrochloric acid by the treatment of sodium chloride with 


acetic acid 


Explain your answer. Use the curved-arrow formalism to depict the reaction you choose. 


(answer) 


Problem 3.34 
One of the following species, on being added to water, produces a gas that dissolves in 


water. Explain why only one compound acts this way. Write an equation for the reaction, 
and use the curved-arrow formalism to depict the process. 


a) KNH, 


b) KF 


(answer) 


Problem 3.35 


Hydrogen chloride is a stronger Brgnsted acid in hexane solution than it is in water. 
Suggest a reason for this behavior. 


(answer) 


Problem 3.36 


If 100 mL of water and 100 mL of ethanol are mixed. the total volume of the resultant 
solution is less than 200 mL. Suggest an explanation for this behavior. 


(answer) 


Problem 3.37 


Of the four isomeric alcohols of formula САН 100, by far the most soluble in water is t- 
butyl alcohol, (CH3);COH. Explain why this is the situation. 


(answer) 


Problem 3.38 


Explain why the conjugate base of formic acid has two equivalent carbon-oxygen bonds 
while formic acid itself has one longer and one shorter carbon-oxygen bond. 


answer) 


Problem 3.39 


If 2,4-pentanedione is treated with a base, a hydrogen is removed (as a proton) from the 
central carbon atom rather than from one of its terminal carbon atoms. 


O O 
5.2 
вс” c^ cH, 
H H 
2,4-pentanedione 
a) Draw the conjugate base that is actually formed. 
b) Compare it with the conjugate base that would be formed by removal of a proton 


from one of the terminal carbon atoms. Explain why the reaction proceeds in the manner 
that it actually does proceed. 


(answer) 


Problem 3.40 


It is possible to prepare hydrogen chloride by heating chloride salts with sulfuric acid. 
Which acid, sulfuric or hydrochloric, would you conclude is the stronger? Explain your 
answer. 


(answer) 


Problem 3.41 


When hydride salts (containing the H anion) are added to water, a violent reaction occurs 
in which hydrogen gas is produced. Write a reaction describing the reaction of sodium 
hydride with water. Identify the Lewis acid and Lewis base in this reaction. Are these 
substances also behaving as Brgnsted acids and bases? Use the curved-arrow formalism 
to show the electron-pair shifts in this reaction. 


(answer) 


Problem 3.42 


If you were applying the concepts of frontier molecular orbital considerations to the 
reaction in Problem 3.41, for which species would you need to consider the HOMO and 
for which would you need to consider the LUMO? 


(answer) 


3.1-answer 


Extending the lattice in three dimensions, we see that each Ма” ion (central one marked 
with darkened circle is surrounded by six equivalent CT ions at a distance of *closest- 
approach" (2.66 angstrom). 


The distance of closest approach of two Ма“ ions is the distance across the surface of each 
of the squares as shown on the diagram. That is, if Ше closest-approach of Ма“ and СІ” 
along an edge of the square is 2.66 angstrom, then the diagonal distance is given by: 


С 2.66 angstrom 2.66 angstrom 
diagonal - = = 1.88 angstrom 
Sin 45P 0.707 


Again, looking at an extension into three directions, we can modify the lattice by 
extension to look at each type of “closest neighbor.” A way of doing this is to consider 
the central horizontal layer of ions (containing the “central” Na* ion surrounded by 4 
"nearest neighbor” CI ions and 4 “nearest neighbor Na* ions) , and then adding another 
horizontal layer of ions each above and below this layer. Doing this we can see a total of 
6 equivalent СГ ions about the central Ма“ ion and 12 equivalent Ма“ ions about the 
central Na* ion, as illustrated below. (For clarity, only closest neighbors are shown.) 


Na* 


Na* ——CI: ——-Na* 
7 


3.2a-answer 


First, view the molecule with its proper three-dimensional geometry. The arrangement of 
the groups about carbon is tetrahedral. 


H 


oC 
a Та 


Consider the polarity of each bond. Each carbon-chlorine bond is significantly polar with 
the chlorine being the negative end of the dipole. The carbon-hydrogen bond is only very 
weakly polar. The molecule with bond dipoles is drawn as follows: 


Consider the vector sum of these dipoles. We can resolve each of the three carbon- 
chlorine dipoles into a horizontal and a vertical component, as shown below for one of 
the carbon-chlorine bonds. 


horizontal component 


== de 
ста "an 


vertical component 


The horizontal components of the carbon-chlorine bond dipoles nullify each other. Only 
the vertical components add to give a nonzero result. The net molecular moment is along 
the vertical axis, pointing away from the carbon in the direction opposite the carbon- 
hydrogen bond, as shown below. 


net dipole moment 


3.2b-answer 


Viewing the molecule with its proper three-dimensional geometry (tetrahedral), we see 
that the four bond dipoles completely cancel each other, all directed out from the carbon 
center. The molecule has zero net dipole moment. 


3.2c-answer 


This molecule has an interesting three dimensional geometry. While the three carbons are 
in a linear array, the hydrogens at each end lie in orthogonal planes, much like hydrogens 
about methane. The small bond dipoles associated with each of the carbon-hydrogen 
bonds thus cancel leaving a molecule with zero net dipole moment. 


3.2d-answer 


This molecule has a planar trigonal geometry. The three atoms lie in the same plane. 
Thus, only a two dimensional analysis is required. The bond dipole for the C=O linkage 
has the carbon as the positive end and the oxygen as the negative end. Both of the carbon- 
hydrogen bonds have small bond dipoles with hydrogen being the positive end. For these 
two bond dipoles, the vertical (as drawn below) component of each cancels and the 
horizontal support each other, and support the C=O bond dipole as well. The molecule 
thus has a nonzero dipole moment as shown. 


Тек); net dipole moment 


DS 


3.3a-answer 


" 
Н; сеен, 


Acetone (shown above) has a higher boiling temperature than does methylpropene - ће 
polar linkage (C=O) provides dipole-dipole interaction between molecules. 


3.3b-answer 
СНзОСНз 
Dimethyl ether (shown above) has a higher boiling temperature than does propane owing 


to the presence of the polar C-O-C linkage generating dipole-dipole interactions between 
molecules. 


3.3c-answer 
C(CH3)4 


Dimethylpropane is significantly higher boiling than tetrafluoromethane. The former can 
be liquefied with ice (boiling point 9.5°C) whereas the latter is a gas down to -128 C, 
owing to the repulsive interactions of the electron rich sheath about each of the CF, 
molecules. 


3.4-answer 
The order for increasing polarizability is: 
Е <Я <Br < Г 


The greater the number of electrons, with the same net charge (-1) results in а larger, 
more diffuse electron cloud about the nucleus and thereby a more polarizable species. 


3.5-answer 


The structures are shown below in order from left to right with decreasing boiling points. 


бар 64b 62b 


Higher Lower 
Boiling Temperature 
Boiling point for isomers having the same volume and functionality can be related to 


surface area. The greater the surface area, the more opportunity for van der Waals 
interactions to cause an increase in the boiling point. 


3.6-answer 
CH; 

Н» с С. сн, 
бн, 


CH,CH, CH, CH, CH, 
CH4CH, OCH, CH, 


Г 
CH; 


CH,CH, CH, CH, OH 


increasing boiling point 


3.7-answer 


(a) 


(b) 


(c) 


(d) 


most 
electron-deficient 


3 5 


си, 
H,C—C—OH <= 
CH; NN 


most 
electron-rich 


9 


3.8-answer 


(a) 


(b) 


(c) 


(d) 


net 


CI CI 
bond dipole Ес. A bond dipole 
ЗА 
HH 
bond dipole 


{a 
S=C=S 
=> 


bond dipole 


bond dipole 


H 
рш 
H 0 пе 
Эсе 


\ 
HH bond dipole 


ci\\ bond dipole 


C=O 
bond dipole / => E» net 
CI 


bond dipole 


zero net dipole 


3.9-answer 


(a) 
(b) 
(c) 
(d) 
(e) 


heptane > hexane > pentane 

pentane > isopentane > neopentane 

octane > 2-methylheptane > 2,2,3,3-tetramethylbutane > diethyl ether 
tetrabromomethane > tetrachloromethane 


nonane > 3,3-diethylpentane 


Ww 
m 
= 
& 
i=} 
N 
= 
e 
т 


20383 


98.4 


93.5 


92 
decreasing 


boiling 
temperature 


90 


89.8 


86.1 


80.9 


80.5 


79.2 


3.11-answer 


(a) NO Он 


(b) H 


(c) 


(4) он 


3.12-answer 


(b | CHsCI 
(c) CHCl; 
(f) SO» 

(g) CF;Ch 


(h) NOCI 


3.13-answer 
Assuming the bond moment for each of the C-H bonds to be zero, we can calculate the 
contribution for the remaining C-Cl bonds to the total dipole moment for each of the 
molecules. For СНС there аге 2 C-Cl bonds and the component for each that is additive 
along the axis bisecting the СІ-С-СІ angle is given by: 
(С-СІ bond moment)x2xCos[109*28'/2] 
which calculates as 
1.148 (C-Cl bond moment) 
HH 
Bi 
С 


а“ [^ 


net dipole 
For the СНС molecule there are 3 C-Cl bonds and the component for each that is 
additive along the axis exactly opposite the C-H bond is given by: 
(С-СІ bond moment)x3xCos[60°] 
which calculates as 


1.50 (C-Cl bond moment). 


H 


| 
С... 
RS 


net dipole 


In this way we see that the СНС molecule has a greater dipole moment than Фе CH,Cl, 
molecule. 


3.14-answer 


While the bond moments for the two molecules are of comparable magnitude, they are in 
opposite directions. For NH3, the contributing components of the bond moments for the 
N-H bonds are in the same direction as the virtual bond moment for the unshared electron 
pair, and a sizable dipole moment results. For NF3, the contributing components of the 
bond moments are in the opposite direction from the virtual bond moment for the 
unshared electron pair, resulting in a smaller overall dipole moment for the molecule. 


3.15-answer 


A molecule of general structure X-Y -X will exhibit zero dipole moment if linear. The 
two X-Y bonds, no matter how polar, will be identical and oriented in opposite 
directions. With a bent structure, even if the bonds were identical, would still have 
components of their individual bond moments in an additive direction. 


Ozone is and example of this. We can write two energetically equivalent resonance 
structures for ozone, which is bent. 


net dipole 


O O 
ee > SH 
у oa 


bond moment bond moment 


In each resonance structure the central oxygen atom is electron deficient and one of the 
terminal oxygen atoms is electron rich. The net result is a dipole moment for the 
molecule with the positive end at the central oxygen and the direction of the dipole 
moment bisecting the O-O-O angle. 


3.16-answer 


(a) carbonate ion is the conjugate base (СОз ) and carbonic acid is the conjugate 
acid (Н-СО;) 


(b) sulfate ion is the conjugate base (SO,”) and sulfuric acid is the conjugate acid 
(S04) 


3.17-answer 


basé conj. acid 


+ 
(a (CH;CH,),N + HOCH,CH, ш--- (CH3CH2)3NH + “OCH; CH; 


acid c NN A conj. base 
Ж 7% - " 


base + 
(D HOCH,CH, + HOCH,CH, ---- Н,ОСН,СН; + “OCH,CH; 


acid | a conj. base 


(c) base conj. acid 
H,O + HOCH,CH, ---  H40* + ОСН,СН, 


acid Sw base 


3.18-answer 


H3PO4 > HCN > H2O 


3.19-answer 


(a) CH,CH,OH 
(b CH,CH,OH 


(© | CH,CH,SH 


3.20-answer 


P lm с 


base conj. acid 
HO + HOCH, CH, - H,O + ГОСН,СН; 
acid conj. base 


о 


3.21-answer 


CH30 < CHS < CHsSe 


3.22-answer 


СНз5е < CH3S < СНО 


3.23-answer 
CH;CH, 
N 
O 
/ 
СН СН, 


+ ВЕ, 


3.24-answer 


We need to consider the two equilibra processes as occurring in water: 


+ 
NH, +H,0 — НО + NH, K, =1.8 x 10? 
+ + 
NH, + HLO ш- ЊО + NH; K 


a 
The sum of these two equations is the autoprotolysis of water: 


+ 
2H,0 = H,0 + HO K,, = 10-14 


And: 


К, = К,/Кь = 10714 /1.8х105 = 5.6 x 1010 


3.25-answer 


Again, we need to consider the two equilibra processes as occurring in water: 


+ 
NH, +H,0 — НО + NH, K, =1.8 x 10? 
+ + 
NH, + НО ш- що + NH; K 


a 
As previously, the sum of these two equations is the autoprotolysis of water: 


+ 
2H,0 = H,0 + HO K,, = 10-4 


And: 


Ky = K,/K,-101^/2.5x10!! = 4х104 


3.26-answer 


(a) 


(b) 
(c) 


(d) 


Since pK, is the negative logio of Ka the numerically more positive pK, relates to 
the weaker acid. Thereby, HA is stronger than HB. 


The larger K, (that for HA) is 100 times greater than that for HB. 


The stronger the acid, the weaker the conjugate base. Thereby, В is a stronger 
base than is A. 


No. Since HA is stronger than HB, we can not prepare HA from its salt using HB 
(a weaker acid). 


3.27-answer 


most electron-deficient 
| most electron-rich 


a 
CH,CH,CH,CH,Br 


most electron-rich 


| most electron-deficient 
b) Ра 


CH,CH,SH 


most electron-deficient 


most electron-rich 
c) | А 


(CH3); C=NCH, 


3.28-answer 


In both solvents the cation (Na^) interacts with the electron-rich sites, specifically the 
unshared electron-pairs associated with the oxygen atoms, and the anions, ће Е and Г 
species, interact with the electron-deficient sites, specifically the hydrogens attached 
directly to the oxygens. These interactions are shown below. 


H 
ч N 
| р 
HA d н 
| І 
H : H H | Н Н H 
N І / \ ната / N _н----Б---н._ / 
О ---Na*--0 он eie 0 | о 
u ) x: | 
[ [ 
^ | | 
H H б 
/ uc 
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Within the pure solutes Nal and NaF, the fundamental interaction that occur are ionic 
attractions and repulsions. These occur throughout the crystal lattice. The difference in 
solubility of NaF and Nal in each of the hydroxylic solvents is the result of greater 
attractive forces holding the Na* and F ions together in the crystal lattice of NaF than 
there is holding Na* and I ions together in Nal. The iodide ions have the same magnitude 
of charge as do the fluoride ions, but iodide anion is significantly larger and the charge 
thereby is much more diffuse resulting in weaker interactions with the sodium cations. 


3.29-answer 
From the molecular orbital diagrams we clearly see the following: 


(a) For Н;, the HOMO is +) and the LUMO is V 5* - the HOMO is a o bonding 
molecular orbital and the LUMO is a o* antibonding molecular orbital. 


(b) For Мә, from the diagram, we note that the HOMO is the o? bonding molecular 
orbital and the LUMO is with the degenerate pair of antibonding molecular orbitals, 11% 
and по“ 


(c) For ethylene, the HOMO is л bonding molecular orbital and the LUMO is the 
75* antibonding molecular orbital. 


3.30-answer 


As hexane and ethanol are completely miscible, so are ethanol and water. However, water 
and hexane are fundamentally insoluble in each other. If we take the solution of ethanol 
and hexane and add water to it, two phases will result; one phase will be a mixture of 
hexane and ethanol and the other phase will be a mixture of ethanol and water. These two 
phases can be separated from each other using a separatory funnel. 


Once the phases have been separated, the hexane/ethanol phase, partially depleted of 
ethanol, is again mixed with pure water; additional ethanol will be transferred from the 
hexane/ethanol mixture to the added water, again forming a separate phase. Repetitions 
of this extraction procedure can be performed until virtually all of the ethanol has been 
removed from the hexane without accumulating any notable amount of hexane in the 
water/ethanol phase. 


3.31 -answer 


There is no way the electrostatic situation involved with having two electron-deficient 
carbon atoms bound directly to each other can be resolved while keeping the molecule 
together. However, electrostatic repulsions between the two electron-rich oxygen sites 
can be minimized by having them sit in positions as far apart from each other as possible. 
This is accomplished with the conformation as shown here. 


O H 
Ww / 
A ee 

H ч» 


In this conformation the individual bond moments cancel and a net zero dipole moment 
for the molecule results. 


3.32-answer 


The structures for the conjugate bases of ethanol and acetic acid are shown below: 


о О 
Н; C—CH, ES 


ethoxide anion 
(from ethanol) acetate anion 
(from acetic acid) 


For the ethoxide anion, there is no delocalization of charge from the oxygen site, whereas 
with the acetate anion the charge is delocalized by resonance to both of the oxygen sites. 
Since sp? character is involved with such delocalization, the carbon-oxygen bonds in 
acetate anion are shorter than the carbon-oxygen bond in ethoxide anion. 


The resonance delocalization of charge in the acetate anion, as with any charge 
delocalization, is a stabilizing factor for the species. Thereby, the acetate anion is more 
highly stabilized (relative to the respective conjugate acids) than is the ethoxide anion. 


The ethoxide anion would thereby be the stronger base (weaker conjugate acid - stronger 
conjugate base). 


3.33-answer 


The preparation of acetic acid by the treatment of sodium acetate with hydrochloric acid 
would be possible. The equilibrium in the reaction system would favor forming the 
weaker acid and weaker base. 


о” OH 
PON қ / 
НСС. + НО" = H4C—C + ЊО 
No о 


3.34-answer 


Upon addition to water KNH2 produces ammonia. Amide anion (NH?) is a very strong 
base and produces its conjugate acid (ammonia) upon addition to the (relatively) strong 
acid (compared to ammonia) water. Ammonia is a gas that dissolves readily in water. 


KF upon addition to water simply dissociates to potassium cation and fluoride anion, the 
latter being the conjugate base of a strong acid, hydrogen fluoride, and no significant 
further reaction occurs. 


N 
H,N + H,O 


w 


НМ + НО" 


o 


3.35-answer 


In water hydrogen chloride dissociates and forms virtually completely the strongest acid 
that can exist in significant abundance in water, the hydronium ion. In hexane, hydrogen 
chloride is undissociated and exists as the НСІ molecule, which is a stronger acid than is 
the hydronium ion. 


3.36-answer 


The hydrogen bonding that occurs when water is added to ethanol is more extensive than 
with ethanol alone, which contains the ethyl group that can't hydrogen bond. The result is 
a decrease in the volume occupied by the mixture of molecules. 


3.37 -answer 


The solubility in water depends on the degree to which the non-polar portion of the solute 
disturbs the organization of the water. Of the four isomeric alcohols of formula САН 100, 
t-butyl alcohol has the minimal surface area (for necessarily the same volume) of the non- 
polar portion of the molecule. (A sphere has the minimum surface area for a given 
volume, and t-butyl alcohol has the shape closest to a sphere of those isomers.) 


3.38-answer 


With the formate anion, the charge is delocalized by resonance to the two oxygen atoms. 
In order for this to occur, the two linkages between carbon and those oxygens must be 
equivalent, and thereby of the same length. With the formic acid molecule, one of those 
oxygens is doubly bound to carbon (shorter bond) and the other (the hydroxyl oxygen) is 
singly bound to carbon (longer bond). 


3.39-answer 


a) 
О (0) 
Жу 
нус c^ "CH, 
H 
b) Removal of a proton from the central carbon allows delocalization of the charge 


to both of the oxygen atoms (see below). 


| MEN ie. cT 
I PR I | 
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H H H 


Removal of a proton from a terminal carbon atom would allow delocalization of the 
charge to only one oxygen atom. The greater degree of delocalization of a charge, the 
greater the stabilization. 


3.40-answer 


Sulfuric acid is the stronger. In an equilibrium situation, the equilibrium lies toward the 
side of the weaker acid and weaker base. Hydrogen chloride is thereby a weaker acid than 
is sulfuric acid since hydrogen chloride can be formed from sulfuric acid with chloride 
salts. 


3.41-answer 


Lewis acid (Brgnsted acid) 


^l 


Nat Н + H-O-H =  Na* + Н, + ОН 


| 


Lewis base (Bronsted base) 


3.42-answer 


We would need to consider the HOMO for the base (hydride anion), which is a filled /s 
atomic orbital, and the LUMO for the HO bond of water, an empty o* orbital. 


ALKANES AND CYCLOALKANES I. 
AN INTRODUCTION TO 
STRUCTURE AND REACTIONS 


4.1 INTRODUCTION 


In this chapter we begin the discussion of chemical and physical properties of alkanes as well 
as their cyclic analogues, the cycloalkanes. Alkanes and cycloalkanes are examples of 
hydrocarbons—those substances composed of only hydrogen and carbon making up their 
chemical structure. Alkanes are at times referred to as saturated hydrocarbons since each 
carbon atom present is bonded to the maximum possible number (four) of attached atoms and 
no new atom can be attached without breaking one of those bonds and replacing one of the 
atoms attached to carbon. That is, reaction can occur only if some carbon-carbon or carbon- 
hydrogen single bond (or bonds) is broken so that the new bond to another atom can be formed. 
Unlike most other types of organic compounds, alkanes are inert to most reagents as their 
bonds are broken only under rather extreme conditions. Their inert nature makes some of the 
simpler alkanes excellent choices as solvents in which reactions of nonpolar molecules can 
be performed, although their volatility and persistence in the environment can present difficul- 
ties (see Green Chemistry). 

Cycloalkanes have properties that are usually very similar to those of open-chain alkanes 
with the same number of carbon atoms. There are, however, three special characteristics of 
cycloalkanes. The first of these concerns their molecular formulas. A cycloalkane contains two 
fewer hydrogen atoms than does an open-chain alkane of the same number of carbon atoms. 
As a result, while alkanes have the general formula С„Но„+2, cycloalkanes have the general 
formula C,,H2, (See Figure 4.1). 

From just the formula of a hydrocarbon, we can say something about the nature of its 
structure. For a hydrocarbon of formula C,H,, the number of rings plus the number of л bonds 
may be calculated as follows: 


number of rings + x bonds = (2n + 2 — x)/2 
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For example, a compound with the formula Cı2H20 contains (26 — 20)/2 = 3 rings and/or x 
bonds. An individual compound may contain more than one ring; we can see the number of rings 
in a given structure by considering the minimum number of carbon-carbon single bonds that 
would need to be broken to result in a completely open-chain structure. 

The second special characteristic of cycloalkanes (and other cyclic compounds), that we can 
see as derivative from the first, relates to the cleavage of bonds that make up the ring structure. 
If we break a carbon-carbon bond in an open-chain alkane, we produce two fragment species. 
However, cleavage of a carbon-carbon bond of the ring system in a cycloalkane leaves still a 
single species, as is illustrated schematically in Figure 4.2. 


н CH, CH, 
H,C^ “сн, 2H HAC сн; 
m S CH, | H,C CH, 

н СН; CH, 
hexane - СН а cyclohexane - СН. > 

69:79 +2 С.Н; 


Ғісиве 4.1 Molecular formula of cycloalkanes. Cyclohexane has two fewer hydrogen 
atoms than does hexane. In general, the formula for an open-chain alkane is 
С,„Ноп+2, whereas that for а cycloalkane is C4H;;. 


(a) 
а NY 
с С 
с ў ё 
Aq ИГҮ 
(b) 
» ри 
С C 
Cao 
C C 


|“ |^ 


Figure 4.2 Cleavage of open-chain and cyclic compounds. (a) The cleavage of one bond 
of an open-chain compound gives two fragments. (b) The cleavage of a bond 
that is part of a ring system leaves all of the parts of the original molecule still 
connected; there is a single species that is formed. 
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The final special characteristic of cycloalkanes is their relative lack of conformational 
freedom compared with open-chain molecules. In Chapter 2 we briefly discussed the intercon- 
version of conformational isomers by rotation about single bonds. The freedom of the ring bonds 
of cycloalkanes to rotate is much more restricted than is the situation with open-chain 
compounds. In extreme situations, as, for example with cyclopropane, the bonds forming the 
ring are so rigid that no rotation is possible. More commonly, some rotation is possible about 
ring single bonds, but the number of conformational forms a molecule is able to adopt is limited. 
We will discuss conformational properties of simple alkanes in this chapter and of cycloalkanes 
and other cyclic molecules in Chapter 13. 


4.2 NOMENCLATURE OF ALKANES 
AND CVCLOALKANES 


Open-CHAIN COMPOUNDS 


The IUPAC nomenclature of alkanes was introduced in Chapter 2. Let us quickly review the 
steps involved in determining the IUPAC systematic name for an open-chain alkane. 


1. Identify the longest continuous sequence of carbon atoms in the compound. This 
sequence provides the root (or parent) alkane for naming the compound. 


2. Locate and name any alkyl substituent along this sequence of carbon atoms. Identify the 
positions of these substituents by numbering the atoms of the root sequence beginning 
at one end. 


3. Begin numbering the root sequence at the end that results in a lower number for the 
carbon at which a branch first appears. The name of the compound consists of the 
number of the carbon bearing the substituent followed by a hyphen, the name of the sub- 
stituent, and the name of the root sequence. 


4. Indicate multiple substituents by designating the site of attachment and name of each, 
listed alphabetically as a prefix to the name of the root sequence. 


5. If the same substituent is present at more than one site, indicate the site of attachment of 
each, but do not repeat the name of the substituent. Instead, use a prefix to the substituent 
name to indicate how many are present. 


6. If two substituents are in equivalent positions on the root sequence, assign the lower 
number to the one coming first in the alphabetical sequence. 


7. If two or more chains qualify as being the longest, choose as the root sequence the one 
with the greater number of substituents. 


SIMPLE CYCLIC COMPOUNDS 


Cyclic compounds are named in a similar way to their open-chain counterparts. The main 
differences between the two types of names are the addition of the prefix cyclo- to the root name 
and, at times, a need to specify the geometric relationship of the substituents. Several examples 
of cycloalkanes are shown in Figure 4.3 along with their names. 
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Special Topic 


2-Methylheptadecane 
(CH3),CH(CHj),4CH; 


puc 


This alkane plays an important role in the courtship of tiger moths. The female produces the 
compound in her body. In order to attract a mate, she releases a small amount into the air. The male 
detects the compound and is able to locate the female. As such, this chemical is a sex attractant. Sex 
attractants constitute one class of pheromones—chemicals used by animals, insects, and plants for 
communication purposes. We will introduce other pheromones later. Sex attractants are quite preva- 
lent in the matings of insects and also some mammals. Many sex attractants have rather simple 
structures, making it possible to synthesize them at the laboratory bench. (In 1983 there was pub- 
lished a claim of an apparent human sex attractant, but as yet the claim has not been confirmed.) 


When substituents are present on more than one atom of the ring, we often need to specify 
the spatial relationship of those substituents. The derivatives of cyclopropane shown in Figure 4.4 
provide an example. In the two compounds (isomers shown) the methyl substituents have differ- 
ent relationships. In one isomer the two methyl substituents are on the same side of the plane of 
the ring. We refer to this relationship as a cis relationship of the substituents and to the compound 
as cis-1,2-dimethylcyclopropane. In the other isomer the two methyl groups are on opposite sides 
of the plane of the ring. We refer to this arrangement as a trans relationship and to the compound 
as trans-1,2-dimethylcyclopropane. 

Isomers that differ in this way are known as geometric isomers. This type of isomerism 
exists not only with cyclopropane derivatives but with a// cyclic systems. Other examples of 
cycloalkanes with more than one substituent are shown in Figure 4.5. 


> 


cyclopropane cycloheptane cycloéctane 
СН; CHCH, 
CH,CH, 
methylcyclopentane 1,1-diethylcyclobutane 


Figure 4.3 Names of simple cycloalkanes. The skeletal structures shown are commonly 
used for cycloalkanes. 
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“ИХ “A 
H СН; H H 


trans-1,2-dimethylcyclopropane cis-1,2-dimethylcyclopropane 


FIGURE 4.4 1,2-Dimethylcyclopropanes having cis and trans relationships for the methyl 
substituents, shown with skeletal formulae and ball-and-stick models. 


e 


H сн; H CH;CH; 
cis-1,3-dimethylcyclohexane trans-1-ethyl-2-methylcyclopentane 


Ғісиве 4.5 Cycloalkanes with more than one substituent. For the first example, we use 
the wedge representation introduced in Chapter 2 to indicate the cis/trans 
relationship of the substituents. 


CoMPOoUNDS Шттн More THAN One RING 


Separated Rings Separated rings are structural components that are part of the same 
molecule, but share no common atoms. Two simple examples in which separated rings are 
attached to a simple alkane are shown in Figure 4.6. We generally name such compounds as 
derivatives of the parent molecule with the rings noted as substituents of that parent. 


Rings Sharing a Single Common Atom Spiranes are compounds containing a single 
carbon atom that is common to two rings. We name spiranes by adding the prefix spiro to the 
name of the open-chain alkane bearing the same number of carbon atoms as the entire two-ring 
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CH;—CHCH,CH, -<| 


3-cyclopentyl-1-cyclopropylbutane 


1-cyclobutyl-2-cyclohexylethane 


Figure 4.6 Nomenclature of compounds with separated rings. 


OO 


spiro[3.3]heptane 


es 


spiro[4.5]decane 
Figure 4.7 Nomenclature of spiranes. 
structure, and we indicate the size of each of the rings by specifying the number of atoms of each 


ring other than the one held in common by the two rings. These numbers are placed in brackets 
in increasing order as shown in Figure 4.7. 


Other Types of Multiring Compounds Further aspects of multi-ring compounds will 
be discussed in Chapter 13. 


4.3 INTRODUCTION TO THE REACTIONS OF ALKANES 


OXIDATION OF ALKANES 


Equation 4.1 is the general equation for the combustion of a hydrocarbon. Combustion of hydro- 
carbons is one of the most important reactions of our society. Presently, it is the major route by 
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which we provide energy for a wide range of purposes. The heat liberated during combustion of 
hydrocarbons is substantial. We make use of it in our homes and factories when we burn natural 
gas, kerosene, gasoline, and other hydrocarbons. 

We can make important deductions about the relative stabilities of related hydrocarbons 
by comparing their heats of combustion. The heat of combustion is the amount of heat 
liberated when a compound is burned completely, as in Equation 4.1. Suppose we compare 
the heats of combustion for two isomers of СН», pentane and methylbutane (also known as 
isopentane). These heats of combustion are, respectively, 845.2 kcal/mole and 843.5 
kcal/mole. The mass balance equations for the combustion of these two isomers are the same, 
as shown in Equation 4.2. 

The combustion of pentane releases 1.7 kcal/mole more heat than does methylbutane. Since 
the products of both combustion reactions are identical, we infer that pentane has a higher 
energy content than does methylbutane (by 1.7 kcal/mole), and we conclude that methylbutane 
is thermodynamically more stable than is pentane by that amount of energy. This comparison is 
illustrated in Figure 4.8. 


ENERGY 


pentane [CH,CH,CH,CH,CH3] 
+8 O5 


thylbut CH4),CHCHCH 
|? kcal/mole p о, шапе [(CH3); 2СН3] 


AH? =-843.5 kcal/mole 


AH? = -843.5 kcal/mole 


Lar 


energy released 
upon combustion 


5 CO, +6 H,O 


FIGURE 4.8 Energy changes on combustion of pentane and methylbutane. Pentane has a 
more exothermic heat of combustion than does methylbutane. We infer from 
this experimental result that pentane has a greater energy content than does 
methylbutane. That is, pentane is thermodynamically less stable than is 
methylbutane. 
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САН, + [x + у/4] Оз ————> x CO) + (y/2) НО + heat (Eq. 4.1) 
С$Н12 (g) +8 О» 5 CO; (g) +6 H,0(g) + heat 


АН? = -845.2 kcal/mole (3536 kJ/mole) for pentane 


АН? = -843.5 kcal/mole (3529 kJ/mole) for methylbutane (Eq. 4.2) 


We interpret this result to indicate that methylbutane has stronger bonds than does pentane. 
Stronger bonds correlate with greater stability. An important general point to keep in mind 
throughout our discussion is that energy content and thermodynamic stability correlate inversely. 
The higher the energy content, the lower the thermodynamic stability. Thermodynamically less 
stable compounds react more exothermically in combustion reactions than do their more stable 
isomers. (The other point of which we need to be mindful in such considerations is that we have 
corresponding aspects for the molecules being compared. Isomers have the same molecular 
formula, and so can be compared easily. Compounds other than isomers require some other 
correlation before we can compare them meaningfully.) 

Differences in energy content between isomers of ordinary open-chain alkanes are usually 
quite small, as in the previous comparison. The major theme that emerges from many such com- 
parisons is that branching of the chain generally leads to an increase in stability. We find much 
larger (and revealing) differences when we compare the heats of combustion of cycloalkanes. 


Heats of Combustion and the Stabilities of Cycloalkanes In cyclic substances 
the efficiency of orbital interaction in the bonds of the ring system can be disturbed by the geo- 
metrical constraints imposed by the ring size and structure. The different heats of combustion 
associated with rings of various sizes correlate with the ring size and structure. In general, we 
would expect the heat of combustion to increase (become more exothermic) if the bonds of the 
cycloalkane were weakened, and to decrease if the bonds were strengthened. However, we must 
be careful in making comparisons. Let us briefly digress to analyze this need for caution. 

All of the combustion reactions we will discuss are exothermic because the products of 
reactions (carbon dioxide and water) are, in every situation, more stable than the reactants (the 
alkanes or cycloalkanes plus oxygen). This difference in stability in turn reflects the greater net 
strength of the bonds of the products compared to those of the starting materials. Now, consider 
the following extremely important point: as we consider alkanes or cycloalkanes of increasingly 
higher molecular weight, their combustion reactions will become progressively more exother- 
mic simply because more moles of products (with their net stronger bonds) are produced per 
mole of alkane or cycloalkane starting material. These changes will overshadow any changes 
due to weakening or strengthening of bonds in the alkane or cycloalkane starting material. Thus 
we can not expect to use heats of combustion by themselves to probe in any straightforward way 
the relative strengths of bonds of cycloalkanes and alkanes containing different numbers of 
carbon atoms. To compare bond strengths we need to factor out the contribution made to the heat 
of combustion by increasing molecular weight. In fact, a simple way to remove the influence of 
molecular weight is to compare the heats of combustion per —СН»›- (methylene group). These 
values are shown for cycloalkanes in Table 4.1 with a reference to open-chain alkanes. 
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If the bonds in all cycloalkanes were of equal strength, all cycloalkanes would have the 
same heat of combustion per methylene group. However, Table 4.1 clearly shows that the heat 
of combustion per methylene group is significantly greater for small rings (cyclopropane and 
cyclobutane) than for the larger cycloalkanes, suggesting that small rings have weaker bonds 
than other cycloalkanes. Furthermore, we can conclude from the data that most cycloalkanes 
have a higher energy content per methylene unit than do open-chain alkanes. We refer to the 
source of this extra energy content as being strain. Notice, however, that cyclohexane is 
unstrained. It has the same energy content per methylene group as does an open-chain alkane. 
We also find that the strain per methylene group is quite small or zero for rings of 12 or more 
members. We will now focus on understanding these trends and the sources of strain in the 
molecules. 

First, consider the extreme situation of cyclopropane. The cyclopropane ring is of neces- 
sity an equilateral triangle with carbon-carbon-carbon internuclear angles of 60?. This angle 
is significantly smaller than the standard tetrahedral angle (1299287) that we normally find 
with tetracoordinated carbon. If we envision ordinary bonding in cyclopropane using the 
standard sp? hybrid orbital model, we conclude that it is impossible for the orbitals to overlap 
along the internuclear axes. Significantly less overlap of the major lobes of the sp? hybrid 
orbital composites would occur than we envision in ordinary end-on interaction in ordinary 
carbon-carbon bonding of open-chain alkanes. The diminished overlap of these sp? hybrids for 
a cyclopropane array as compared to an open-chain alkane is illustrated schematically in 


ТАВІЕ 4.1 Heats of Combustion per -CH;- Group for Cycloalkanes. 


Hydrocarbon No. of C Atoms Heat of Combustion Deviation from 
per -CH;- Group Open-Chain 
(kcal/mole) (kcal/mole) 
n-alkane* - 157.4 - 
cyclopropane S 166.6 92 
cyclobutane 4 164.0 6.6 
cyclopentane 3 1587 1,9 
cyclohexane 6 157.4 0.0 
cycloheptane 7 555 0.9 
cycloóctane 8 158.6 127 
cyclononane 9 158.8 1.4 
cyclodecane 10 158.6 1,2 
cycloundecane 11 158.4 1.0 
cyclododecane 12 157.0 0.2 
cyclotridecane ШЕ 157.8 0.4 
cyclotetradecane 14 157.4 0.0 


Source: Thermochemical data from S. Kaarsemaker and J. Coops, Rec. trav. Chim., 71, (1952): 261, and J. Coops, H. van 
Camp, W.A. Lambgrets, B.J. Visser, and H. Dekker, Rec. trav. Chim. 79, (1960): 1226. 


* The value for n-alkane is obtained from the difference between the heats of combustion of two straight-chain alka- 
nes differing by a single methylene unit. For example, it represents the difference between the values for hexane and 
pentane, or between decane and nonane. 
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Figure 4.9. Our understanding of bonding capabilities involves the concept that diminished 
overlap of interacting orbitals should result in weaker (less stable) bonds. A correspondingly 
higher energy content for a molecule results from such a diminished overlap of the critical 
orbitals. There is an inverse correlation between energy content and stability. This concept 
correlates with the experimentally observed higher heat of combustion per methylene group 
for cyclopropane than for open-chain alkanes. 

It was once believed that all rings in organic molecules were planar. Heat of combustion data 
(as do many other modes of analyses of structures) allow us to refute this notion. If all rings were 
planar, the maximum stability per methylene group would be found with cyclopentane because 
a regular pentagon has internal angles of 108°, very close to the tetrahedral value. 

Actually, cyclopentane is thermodynamically less stable per methylene group than is cyclo- 
hexane. We infer the latter molecule to be unstrained from the combustion data as shown in 
Table 4.1. This lack of strain is not consistent with a planar structure for cyclohexane. A regular 
hexagon has internal angles of 120°, significantly larger than the tetrahedral angle of 109°28’, 
so we would expect a planar cyclohexane molecule to be quite strained. 

Combustion data on even larger rings also suggest that the concept of planar rings is false. 
Strain would be expected to increase with increasing ring size above five members because the 
internal bond angles would be forced to be larger. As we do not find this to be the situation, 
we conclude that these rings are not planar. Other studies, including X-ray analysis, confirm 
the non-planarity of cycloalkane rings other than cyclopropane. 

The preceding discussion raises some important questions. What are the sources of strain in 
cyclic compounds? What effect does strain have on the properties of a cyclic compound? 
We will begin to discuss these questions later in this chapter (Section 4.4) and will consider them 
in greater detail in Chapter 13. 


Special Topic 
Cyclopropane 


Cyclopropane is a particularly intriguing molecule. As we have noted, the bonds constituting the ring 
are particularly strained. Looking at a tetracoordinated carbon atom we normally envision the 
O bonds as being formed using sp? hybrid orbitals from carbon. However, we must remember our 
earlier caution concerning the concept of “hybrid orbitals.” Hybrid orbitals are simply a mathemati- 
cal way in which we attempt to relate to experimental reality. We fully realize that the use of sp? 
hybrid orbitals in speaking of bonding in the ring bonds of cyclopropane is quite inadequate for 
explaining reality. 

We can contemplate several aspects of this system. One is that the bonds external to the 
cyclopropane ring have an angle between them of 120?. This correlates with a mix of atomic orbitals 
of carbon of sp? for the formation of these bonds. If this mix of orbitals is being used for the exter- 
nal bonds, a mix "lighter" in s content must be used for the ring bonds. In fact, we can calculate that 
the optimal mix of atomic orbitals for the ring bonds is sp?—this should not be taken as actually 
being a set of orbitals that involve 5 p orbitals. It simply means that the mix of atomic orbitals being 
used by the carbon is one part s for every 5 parts p. 
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cyclopropane 
ring bonds 


Figure 4.9 Origin of strain in cyclopropane compared to an open-chain alkane. The angle 
between the sp? hybrids in each instance (cyclopropane and ethane) is 109?28'. 
However, whereas with ethane these hybrid orbitals interact directly end-on 
and maximal overlap is achieved, with cyclopropane the ring atoms define an 
equilateral triangle with C-C-C bond angles of 60° and the sp? hybrid orbitals 
can not overlap directly end-on. The strain in cyclopropane correlates with this 
mismatch in angles and the less efficient overlap of the orbitals. 


The Combustion Analysis of Organic Compounds The reaction illustrated in 
Equation 4.1 readily goes to completion and thus is useful for the quantitative analysis of the 
elemental composition of organic compounds. 

Before we can make progress in understanding the properties of a substance, we need to 
know its molecular structure. Chemists search for correlations among the physical and chemi- 
cal properties of chemical substances with their molecular structures. Such correlations allow us 
to make predictions concerning the behavior of newly prepared substances. 

The structures of the simple alkanes and cycloalkanes were elucidated many years ago. 
Nevertheless, aspects of the thought processes and experimental strategies used to determine 
their structures remain of interest and relevance today. 

The first step in a general structure elucidation is generally the determination of an empir- 
ical and then a molecular formula. The empirical formula of a substance is usually 
determined by quantitative elemental analysis. Subsequent determination of the molecular 
weight (currently, generally by the use of mass spectrometry, Chapter 25) then allows the 
molecular formula to be deduced. Organic chemists working in a research laboratory gener- 
ally submit samples of unknown materials to a specialty analytical laboratory where routine 
combustion analyses are performed to determine the elemental percentage composition. In 
combustion analysis, a carefully weighed sample of the compound is burned in a stream of 
excess oxygen. The water and carbon dioxide produced are collected and weighed. From 
these weights, the weights and weight percentages of carbon and hydrogen in the original 
sample can be calculated. 

Once we have determined the percentage composition of carbon and hydrogen, it is a simple 
matter to calculate the relative number of atoms of the two elements in a molecule of the sample. 
We divide each percentage by the atomic mass of the element to find the relative number of that 
type of atom. This procedure leads to an empirical formula. We must then determine the molec- 
ular weight in order to calculate the molecular formula. 
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THe REACTION OF ALKANES WITH HALOGENS 


Alkanes and cycloalkanes undergo only a relatively few types of reactions. Combustion, as dis- 
cussed previously, is one type. A second type is reaction with halogens (Xz molecules). This 
type of reaction is a substitution reaction with an atom of the halogen molecule (X of X;) 
replacing (i.e., substituting for) a hydrogen of the alkane. The fundamental reaction is illus- 
trated in Figure 4.10. 

Only two of the halogens (bromine and chlorine) are of practical use in this direct reaction 
with alkanes. Iodine reacts too slowly to be of use, while the direct reaction with fluorine is very 
difficult to control and hence is seldom used. 

In order to cause an alkane to react with chlorine or bromine we need to heat the reaction 
mixture to approximately 110?C or shine light (ultraviolet or visible) on it. An example of this 
reaction is shown in Equation 4.3. 

Why would reaction occur when we shine light on the mixture? Experimentally we find that 
light is involved in initiating the reaction, akin to the match that lights the fire. To discover some- 
thing about how this happens we can subject a halogen and an alkane to light separately. When we 
do this, we find that only the halogen molecules are affected. Although light has no effect on an 
alkane or cycloalkane, it does split some of the halogen molecules into highly reactive halogen 
atoms. We infer that these halogen atoms bring about reaction with an alkane. Heating the reaction 
mixture is another way of splitting halogen molecules into halogen atoms to initiate the reaction. 


Br 
ШЕ =. m +H—Br 
hv 


90% yield (Eq. 4.3) 


The first event in the overall reaction is thus the cleavage of the halogen-halogen bond so as 
to produce two halogen atoms. Of the two electrons originally constituting the halogen-halogen 
bond, one goes with each of the two halogen atoms. We refer to this process, illustrated in 
Figure 4.11, as homolytic bond cleavage (further discussed in Chapter 7). 

When we unravel all of the individual events in a reaction, we say that we know the mechanism 
of the reaction. A mechanism is simply a step-by-step accounting of the overall reaction. A knowl- 
edge of reaction mechanisms is crucial to our ability to make rational progress in the understanding 
of organic reactions. From knowledge of many reaction mechanisms we make generalizations that 
help us to predict new reactions. Moreover, we are able to predict experimental conditions that will 
optimize a reaction (e.g., produce a desired product more quickly or efficiently). 


heat or 
К-Н+Х-Х ------ Н—Х +Е—Х 
light (hv) 
alkane halogen hydrogen haloalkane 


halide 


Figure 4.10 A substitution reaction of an alkane. Overall, a halogen atom substitutes for 
a hydrogen atom of an alkane. The symbol R designates an alkyl group, and 
the symbol hv is used to designate light. 
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Figure 4.11 Homolytic bond cleavage of a halogen molecule. 


Ch H,C -CHCH;CH 
CH,CH;CH,CH, ---- CICH,CH,CH,CH;+ ? | 2-43 
һу СІ 
CL 
СН, --- CH,Cl + CH,Cl, + CHCl, + ССІ, 
һу 


FIGURE 4.12 The lack of selectivity іп the halogenation of alkanes. 


The cleavage of the halogen-halogen bond is merely the first step in the mechanism of the 
reaction of a halogen with an alkane. We will explore the remaining steps and discuss their 
implications in Chapter 13. We delay our discussion of the entire mechanism until we have cov- 
ered several further concepts that will help us to appreciate fully the implications of the reaction 
mechanism. 

While the halogen substitution reaction may appear to be a useful chemical conversion, there 
are actually several limitations. Two of these are illustrated in Figure 4.12. If all of the carbon- 
hydrogen bonds in the molecule are not equivalent, more than one product can result. We say that 
reactions that produce more than one product are not selective. Moreover, more than one hydro- 
gen atom in a molecule of alkane may be substituted by a halogen atom, leading to di-, tri-, and 
further halogenated products, another manifestation of the lack of selectivity. 


4.4 THE SOURCES OF STRAIN 


STRAIN IN SMALL RINGS 


We have seen that cyclopropane has a higher energy content per methylene group than does 
other cycloalkanes. Using our orbital model, we rationalized the high energy content of cyclo- 
propane in terms of strain associated with inefficient orbital overlap in the small ring. We refer 
to this type of strain as angle strain. We now need to discuss other types of strain present in 
alkanes and cycloalkanes. 


TORSIONAL STRAIN 


In Chapter 2 we discussed the different conformations that can be adopted by an ethane mole- 
cule. Of the extreme conformations, staggered and eclipsed, the staggered is more stable by 
about 3.0 kcal/mole. We describe the eclipsed conformation as having 3.0 kcal/mole of strain 
energy. This type of strain is known as torsional strain. The major factor producing torsional 
strain in eclipsed ethane is the eclipsing interactions of three pairs of carbon-hydrogen bonds. 
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The repulsions resulting from close proximity of the two pairs of electrons, one pair in each of 
the two carbon-hydrogen bonds when they are at the minimal distances, destabilizes the mole- 
cule by about 1.0 kcal/mole relative to them being maximally separated. This is illustrated in 
Figure 4.13. 


STERIC STRAIN 


The staggered and eclipsed conformations of propane differ in stability by 3.4 kcal/mole. In the 
eclipsed conformation of propane there are two hydrogen-hydrogen and one methyl-hydrogen 
eclipsing interactions, as illustrated in Figure 4.14. 

Notice that the methyl-hydrogen interaction imposes 0.4 kcal/mole of strain in addition to the 
1.0 kcal/mole torsional strain we have learned to associate with eclipsing carbon-hydrogen/ 


1.0 kcal/mole 


| 


HH 


H 

H H 

— H 

H H e B “ш- 

A (22 Н 1.0 kcal/mole 
1.0 kcal/mole 
staggered eclipsed 
(unstrained) (3.0 kcal/mole of torsional strain) 


Figure 4.13 Energetics of ethane conformations. Each carbon-hydrogen-bond/carbon- 
hydrogen-bond interaction destabilizes the conformation by about 1.0 
kcal/mole (4.2 kJ/mole). 


1.4 kcal/mole 


CH; 
H H 
<- Н 
Н Н H Н C 
ü cA М 1.0 kcal/mole 
1.0 kcal/mole 
staggered eclipsed 
(unstrained) (3.4 kcal/mole of strain) 


FIGURE 4.14 Conformations of propane. The staggered and eclipsed forms differ in energy 
by 3.4 kcal/mole (14.2 kJ/mole). 
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carbon-hydrogen bond interactions. This additional strain is referred to as steric strain. Steric 
strain results when two atoms or groups approach within a distance that is shorter than the sum 
of their van der Waals radii. The van der Waals radius of an atom or group is defined as one half 
of the distance between two equivalent atoms or groups when they are separated by the distance 
that gives the minimum energy for their association. It is a measure of the effective size of the 
group or atom. 

Earlier (in Chapter 3) we discussed van der Waals attractive forces, which account for the 
tendency of atoms and molecules to stick together. If the molecules are too close to each other 
(closer than the sum of their van der Waals radii), however, these forces become repulsive. The 
repulsive interaction of their overlapping electron clouds offsets any attractive forces. In general, 
as two atoms (or molecules) approach, there will be an increasing van der Waals attraction until, 
at a distance corresponding to the sum of the van der Waals radii, an energy minimum (stability 
maximum) is attained. Closer approach of the atoms or molecules results in a repulsion from the 
destabilizing overlap of their electron-filled orbitals. Some representative values of van der 
Waals radii are given in Table 4.2. 

When the propane molecule is in an eclipsed conformation, the methyl group and the hydro- 
gen do happen to approach closer than the sum of their van der Waals radii, thus accounting for 
the additional 0.4 kcal/mole of strain. 

We encounter important examples of steric strain in both alkanes and cycloalkanes. Consider 
butane as an example. We will focus on conformations that arise through rotation about the 
central carbon-carbon bond. With butane, as with ethane, there are staggered and eclipsed con- 
formations. With ethane, all eclipsed conformations have the same energy, and all staggered 
conformations similarly have the same energy. However, the butane molecule is more compli- 
cated. In Figure 4.15 is illustrated an energy diagram for the several conformations of ethane. 
A corresponding energy diagram for butane is shown in Figure 4.16. 

The lowest energy form of butane is a staggered conformation in which the two largest 
groups (methyl groups) are as far apart as possible. This particular staggered conformation is 
known as an anti conformation, and is illustrated again in Figure 4.17. 

If we rotate the rear carbon through 60°, while holding the front carbon steady, we generate 
an eclipsed conformation in which there is one carbon-hydrogen/carbon-hydrogen torsional 
strain interaction, and two carbon-methyl/carbon-hydrogen torsional/steric interactions. This 


TaBLE 4.2. van der Waals Radii for Selected Atoms and Groups. 


Atom or group van der Waals Radius (Angstroms) 

H 12 
Е 1.35 
О 1.4 
М 1.5 
CI 1.8 
5 1.85 
P 1-0 

СН» 2.0 


СН; 2.0 
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3.0 kcal/mole 


0 60 120 180 240 300 360 
Degrees of rotation 


FIGURE 4.15 Potential energy as a function of bond rotation in ethane. Note that we һауе 
drawn straight lines between the minimum and maximum points on the 
chart. We have done this for a reason; these are the only points that we can 
actually determine with any experimental validity. Smoothly curved lines 
look more interesting (and probably have validity), but we don’t have 
experimental validity for such curves, so we draw simple straight lines. 


HC CH, 


Energy 


3.8 
kcal/mole 


0.9 kcal/mole 


0 60 120 180 240 300 360 
Degrees of rotation about the central carbon-carbon bond of butane 


Figure 4.16 Change in potential energy plotted against the degree of rotation about the 
central carbon-carbon bond of butane. 


CHAPTER 4 + ALKANES AND CYCLOALKANESI 119 


Figure 4.17 The anti conformation of butane. The methyl groups are as far apart as 
possible in this conformation. This conformation of butane is shown both as a 
Newman projection and as a ball-and-stick model. 


conformation is shown in Figure 4.18. Using the 1.0 kcal/mole and 1.4 kcal/mole values we 
deduced earlier for these types of interactions, we predict that this eclipsed form is more strained 
than the anti conformation by 3.8 kcal/mole (15.9 kJ/mole), and this prediction agrees with the 
experimentally determined value. 

If we continue to rotate through another 60? we arrive at a different staggered conformation 
than the one we have already seen. We find this particular staggered conformation, which we 
refer to as a gauche conformation, to be 0.9 kcal/mole less stable than the anti conformation. It 
is strained, even though it contains no eclipsing interactions. The strain is steric in origin. The 
methyl groups approach within a distance less than the sum of their van der Waals radii. The 
gauche structure is shown in Figure 4.19. 
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H CH; 


Н.С 


Figure 4.18 An eclipsed conformation of butane. This eclipsed conformation is 3.8 kcal/mole 
(15.9 kJ/mole) higher in energy than the anti conformation of butane. 


We can also analyze other conformations resulting from further rotation about the carbon- 
carbon bond. The least stable butane conformation has associated with it 4.5 kcal/mole of strain. 
It is an eclipsed conformation in which the two methyl groups are as close as possible to each 
other. We deduce that the methyl-methyl eclipsing interaction is destabilizing by about 2.5 
kcal/mole, significantly larger than any interaction we have seen thus far. The value is large 
because it reflects two types of strain that are additive. There is torsional strain due to the 
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Figure 4.19 The gauche conformation of butane. There is 0.9 kcal/mole steric strain 
associated with the methyl-methyl interaction. 


eclipsing interaction, and there is steric strain due to the closeness of the methyl groups. In our 
further discussion we will consider in detail the effects of these types of strain on the shapes of 
cycloalkanes. We will also consider the chemical reactions of alkanes in greater detail. 

As we have noted, the known chemistry of alkanes is rather limited, compared with that of 
other types of organic compounds. For example, there is no good general (and selective) method 
for the direct conversion of an alkane to an alcohol or a carbonyl compound. Biological systems, 
however, illustrate what is possible. In certain biological sites, such as the human liver, enzymes 
bring about conversions that we can not (as of yet) effect efficiently in the laboratory. For exam- 
ple, cyclohexane is converted to cyclohexanol in virtually quantitative yield (that is, 10096). The 
development of catalysts or reaction systems that mimic what occurs in biological cells is an 
area that is ripe for further exploration. In fact, at elevated temperatures we can use oxygen in 
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the presence of a cobalt catalyst to oxidize certain alkanes directly to alcohols, such as 
cyclohexane to cyclohexanol. This is an important industrial reaction that can be effected in high 
yield. Unfortunately, the efficiency of the reaction is not good for ай alkanes, so the reaction is 
not of general use. 

We will move now to the study of a functional group that abounds with interesting chemistry, 
the hydroxyl group of alcohols. In the following two chapters we will study not only some 
interesting chemistry, but we will also consider how we learn about chemistry and make 
generalizations for other functional groups. 


+ 


Alkanes and cycloalkanes show many similarities in their physical properties and chemical 
reactions. 


Heat of combustion measurements are of great use for comparing the relative stabilities 
of isomeric alkanes. We find that many molecules are strained. 


* Strain can be subdivided into torsional strain, angle strain, and steric strain. 


* Torsional strain results when groups that are bound to neighboring atoms are in an 


eclipsed relationship. Torsional strain is related to the mutual repulsion of the electron 
clouds of the bonds. 


Angle strain occurs when the bond angles in a molecule are forced to be different from 
"normal" values, resulting in poorer overlap of the participating orbitals and weaker 
bonds than in unstrained molecules. 


Steric strain occurs when two groups approach within a distance that is smaller than the 
sum of their van der Waals radii. An important example of steric strain is the gauche inter- 
action of two methyl groups in butane. 


For cycloalkanes, profound differences are found when heats of combustion per 
methylene group are compared. These differences result from various combinations of the 
several types of strain. 


Alkanes and cycloalkanes undergo substitution reactions with bromine or chlorine under 
thermal or photochemical conditions. In many such reactions, mixtures of products are 
formed. 


Terms to Remember 


saturated hydrocarbon heat of combustion angle strain 
cis-relationship methylene group torsional strain 
trans-relationship substitution reaction steric strain 
geometric isomers homolytic bond cleavage van der Waals radius 


spiranes mechanism gauche 


Problem 4.1 


What is the general formula for each of the types of compounds listed below? Refer to 
Chapter 2 if necessary to remind yourself of the structural particulars of each functional 


group.) 


a) an open-chain alkene 
b) a cycloalkene 
с) an open-chain alkyne 


(answer) 


Problem 4.2 


A cycloalkane has the formula C4Hs. There are two possible structures for this 
compound. What are they? 


(answer) 


Problem 4.3 


A hydrocarbon containing no alkene or alkyne linkages has the formula С 10Н16. How 
many rings are present in this compound? 


(answer) 


Problem 4.4 
Provide IUPAC names for each of the following structures: 


a) (CH4); CHCH, CH, CH(CH,)CH,CH,CH, 
b) (СН): CCH, CH;CH, C(CH4); 
c) (CH3), CHCH(CH, CH, CH;)CH(CH 3), 


answer) 


Problem 4.5 


There is a third dimethylcyclopropane isomer in addition to those shown in Figure 4.4. 
Draw its structure and provide its IUPAC name. 


answer) 


Problem 4.6 


Write the structure and provide an IUPAC name for all cycloalkanes of formula C6Hi». 


(answer) 


Problem 4.7 


Give the IUPAC name for each of the following cycloalkanes: 


a) CH) CH; 


CH, 


b) 


c) CH, CH; 


answer) 


Problem 4.8 


Write a balanced equation for the complete combustion of each of the following 
molecules: 


a) hexane 
b) cyclohexane 
с) methylcyclohexane 


(answer) 


Problem 4.9 


Combustion of a sample of 11.40 mg of butane produces 17.69 mg of water and 34.52 
mg of carbon dioxide. Measurement of the molecular weight of butane shows its 
molecular weight to be ~58 g/mole. Show that these data lead to the molecular formula 
С.Н, о for butane. 


(answer) 


Problem 4.10 


A sample of 8.50 mg of a saturated hydrocarbon of unknown structure yields 26.67 mg of 
carbon dioxide and 10.90 mg of water upon complete combustion. Determination of the 
molecular weight of this material shows its molecular weight to be ^70 g/mole. What is 
the molecular formula of the unknown? Is it an open-chain alkane or a cycloalkane? 


(answer) 


Problem 4.11 


How many different products of formula CgH3;Cl can be obtained by monochlorination 
of each of the compounds listed below? Draw the structure of each product and name it. 


a) 2,2,3,3-tetramethylbutane 


b) 2,5-dimethylhexane 


(answer) 


Problem 4.12 


Give systematic IUPAC names to each of the compounds listed below. Specify cis- or 
trans- geometry where appropriate. 


а) (CH); CHCH;CH(CH;) b) H 9) сн, 


d) CH; CH,CH,CH, —CHCH, CH, CH; 


| и D 
CH(CH3); е C XJ 


) CH(CH;) | 
i к h) i) (CH CH;),CHCH; —CHCH; 
C(CH,), CH,CH, 
CH(CH;), 
j) 
j вс H 


(answer) 


Problem 4.13 

Consider the alkanes of the general structure R-R, where R is each of the groups listed 
below. Name each of these alkanes by the IUPAC method (review Section 2.2 if 
necessary). 

a) isobutyl 


b) sec-butyl 


с) tert-butyl 


(answer) 


Problem 4.14 


Suggest structures and give names for alkanes or cycloalkanes having the following 
characteristics: 


a) С;Н, о: contains a quaternary carbon atom 
b) СН: contains nine primary, two secondary, and one tertiary hydrogen atoms 
с) а compound that reacts with bromine in a substitution reaction to give a single 


monobrominated product of formula C;H,,Br 
d) the CsHi2 isomer with the lowest boiling point 


e) contains four carbon atoms and only secondary hydrogen atoms 


answer) 


Problem 4.15 


Use a Newman projection to show 3,4-dimethylhexane in a staggered conformation as 
viewed along the central carbon-carbon (Сз-С4) bond with two hydrogen atoms in an anti 
relationship. 


answer) 


Problem 4.16 


Draw all possible cycloalkane structures that have the following characteristics: 


a) СН: contains one ring and has an isopropyl group 
b) С7Н д: contains one ring and has an isobutyl group 

с) C;H;4: contains one ring and has an isopropyl group 
d) СН, 2: contains one ring and has two methyl groups 


(answer) 


Problem 4.17 


From each pair of compounds, choose the one with the indicated property, and give an 
explanation of your choice. 


a) higher boiling point: nonane or 3,3-dimethylpentane 

b) higher heat of combustion: hexane or isohexane 

с) higher heat of combustion: butane or methylcyclopropane 

d) most hydrogen atom per molecule: cyclopentane or spiropentane 
e) contains only secondary hydrogen atoms: cyclobutane or butane 
f) higher heat of combustion: cis- or trans-1,2-dimethylcyclopropane 


(answer) 


Problem 4.18 


Consider the conformations of octane produced by rotation about the central carbon- 
carbon bond. Use Newman projections to depict each of the following: 


a) the conformation of lowest energy 
b) a gauche conformation 

с) the conformation of highest energy 
d) an anti conformation 


answer) 


Problem 4.19 


Show all structures and give an IUPAC name for all of the compounds having the general 
name trimethylcyclobutane. 


(answer) 


Problem 4.20 


A chemist allows hexane to react with chlorine under irradiation with light. She isolates 
three isomers of formula СН,зСІ. Give the IUPAC name for each of these compounds. 


(answer) 


Problem 4.21 
Draw a set of Newman projections for 2-methylpentane in 60° increments as viewed 


along the C5-C; bond. Graph the potential energy changes during a complete cycle of 
rotation (360°). 


answer) 


Problem 4.22 


Calculate the percentages (by mass) of carbon and hydrogen present in each of the 
following compounds: 


a) cycloóctane 


b) spiropentane 


(answer) 


Problem 4.23 
Calculate the empirical formula of a hydrocarbon that yields 8.94 mg of water and 31.18 


mg of carbon dioxide on combustion of a 9.51 mg sample. Is this empirical formula also 
the molecular formula? How do you know? 


(answer) 


Problem 4.24 


Could you distinguish between cyclohexane and cyclononane on the basis of their 
combustion analyses? Why or why not? 


(answer) 


Problem 4.25 


Consider again the octane molecule, which was discussed in Problem 4.18. Using 
molecular models, view the model of the conformation described in part c. Does it 
represent a conformation having a single specific energy (relative to the other 
conformations), or are there several possible relationships (with different energies) for the 
propyl groups attached to the viewed atoms? Explain your answer. 


(answer) 


4.1-answer 
a) САН 
b) CnHon-2 


с) С„Нәл-2 


4.2-answer 


7] p 


4.3-answer 


If open-chain, a ten-carbon alkane would require 22 hydrogen atoms. There are only 16 
present. For each ring that is present, two hydrogens need be subtracted from the value 
for an open-chain compound. Since the formula is deficient 6 hydrogens from that for an 
open-chain structure, there must be three rings present. 


4.4-answer 


a) 2,5-dimethyloctane 
b) 2,2,5,5-tetramethylpentane 


с) 3-isopropyl-2-methylhexane 


4.5-answer 


CH; 


CH, 


1,1-dimethylcyclopropane 


4.6-answer 


100 
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CH, CH, 


cyclohexane 


methylcyclopentane 


ethylcyclobutane 


1,1-dimethylcyclobutane 


cis-1,2-dimethylcyclobutane 


trans -1,2-dimethylcyclobutane 


cis-1,3-dimethylcyclobutane 


trans -1,3-dimethylcyclobutane 


Мн, CH, CH, propylcyclopropane 
енен 3)2 isopropylcyclopropane 


CH 
1-ethyl-1-methylcyclopropane 
CH, СН; 
Нз gA св, CH; cis-2-methylethylcyclopropane 
у к CH; trans -2-methylethylcyclopropane 
Н.С 
CH; 
AV cis,trans -1,2,3-trimethylcyclopropane 
H3C 
CH, 


Н.С А СН; cis-cis-1,2,3-trimethylcyclopropane 
Н.С CH; 
1,1,2-trimethylcyclopropane 


4.7-answer 
a) cis-l-ethyl-2-methylcyclohexane 
b) 1,1,24rimethylcycloheptane 


с) trans-1,3-diethylcycloóctane 


4.8-answer 


c) Сун + 21/2 O, —> 7 CO, + 7 H,O 


4.9-answer 


Steps to Solving the Problem 


1. First, calculate the fraction of the weight of a water molecule that is hydrogen and 
the fraction of the weight of a carbon dioxide molecule that is carbon. 


% Hin water = 100 x (weight of H in water/molecular weight of water) 
= 100 x (2 x 1.008)/[(2 x 1.008) + (15.999)] 
= 11.19% 
% C in carbon dioxide= 100 x (weight of C in СО») /molecular weight of CO?) 
= 100 x (12.011)/[(12.011) + (2 x 15.999)] 
= 27.29% 
2. Next, calculate the weight of hydrogen and the weight of carbon in the sample. 


Remember, 11.19% of the water formed is hydrogen coming from the sample, and 
277.2996 of the carbon dioxide is carbon coming from that same sample. 


Weight of H in sample = (0.1119)(17.69) 
= 1.98 mg 

Weight of C in sample = (0.2729)(34.52) 
= 9.42 mg 


These two components add up to 11.40 mg, the weight of the original sample. 


3. Compute the relative number of carbon and hydrogen atoms by dividing each 
weight by the atomic weight of the element. 


Relative number of H atoms = (1.98 mg H)/(1.008 mg H/mmole H) 
= 1.96 mmole H 
Relative number of C atoms = (9.42 mgC)/(12.011 mg C/mmole C) 


= 0.78 mmole C 


4. We now need the smallest ratio of integers for this relative number of atoms. 
Begin by dividing through by the smaller number of mmole present, that is, 0.78. 


Ratio H/C atoms = 1.96 mmole H/0.78 mmole C 
= 2.5 mmole H/1.0 mmole C 
2.5 mole H/1.0 mole C 


Next we multiply through by an integer (2 here) that will make the result a ratio of 
two integers: 


H/C = (2.5 mole H/1.0 mole C) x 2 2 5 mole H/2 mole C 
The empirical formula is thus C2Hs. 


5. Finally, we calculate the molecular formula for the sample. То do this we first 
calculate the weight of the empirical formula, C2Hs. 

C 12x 2224 

H 1х5 = 5 


weight of empirical formula = 29 


This weight is just half of the determined molecular weight of 58 g/mole. Thus we 
need to multiply the empirical formula by 2 to obtain the molecular formula, С.Н 0. 


4.10-answer 


CsHio 


It's a cycloalkane. 


4.11-answer 


a) Since there are only two types of distinguishable hydrogen sites in 2,2,3,3- 
tetramethylbutane, there will be only two monochlorination products: 


b) With only three types of ordinarily distinguishable hydrogen sites in 2,5- 
dimethylhexane, there will be only three monochlorination products isolable in this 
reaction: 


4.12-answer 


a) 


i) 
2) 


2,5-dimethylpentane 

pentane 

3-methylpentane 
4-isopropyloctane 
spiro[4.4]nonane 

spiro[5.2]octane 
trans-1,2-di-(2-butyl)cyclopentane 
2-cyclobutyl-1-cyclohexylpropane 
3-ethyl-5,6,6-trimethyloctane 


cis- 1,3-di-(2-butyl)cyclobutane 


4.13-answer 


a) 
2,5-dimethylhexane 
b) А 
3,4-dimethylbutane 
с) 


2,2,3,3-tetramethylbutane 


4.14-answer 


а) 1,1-dimethylcyclopropane | CH; 


b) methylbutane Н.С “НЕН? CH; 
CH; 


C) dimethylpropane (CH3)4C 


d) dimethylpropane (CH3)4C 


e) cyclobutane Г] 


4.15-answer 


Are there any other conformations that one could draw that would meet these 
requirements? 


(answer 


4.15b-answer 


Yes. The following could also be drawn. The significance of these relative to the one that 
was previously shown will become evident as we study Chapter 8. 


H 
H; CCH, CH, 
Н.С CH,CH, 
H 
H 
H; CCH, CH, 
H, CCH, CH, 


4.17 -answer 


a) nonane: branching decreases surface area per unit volume and boiling 
temperature, for the same volume, depends on surface area interactions (van der Waals). 


b) hexane: branching provides a thermodynamically more stable molecule and 
thereby provides less energy on combustion than a linear molecule of the same formula. 


с) methylcyclopropane: strain owing to the small ring raises the energy and thereby 
the amount of energy that can be liberated on combustion. 


d) cyclopentane: the greater number of rings with the same number of carbon atoms, 
the smaller the number of associated hydrogens. 


e) cyclobutane: methyl groups terminate the open-chain compounds. 


f) cis-1,2-dimethylcyclopropane: the eclipsing methyl groups increase the strain and 
thereby the energy content. 


4.18-answer 


a) 
CH 2 CH 2 CH; 


CH,CH, CH; 


CH, CH, CH; 


= 


d) 
CH 2 CH 2 CH; 


4.19-answer 


1,1,2-trimethylcyclobutane 


1,1,3-trimethylcyclobutane 


cis,cis-1,2,3-trimethylcyclobutane 


cis,trans -1,2,3-trimethylcyclobutane 


trans,trans -1,2,3-trimethylcyclobutane 


SOOO 


4.20-answer 


A АУ S 


CI 
Cl 


1-chlorohexane 


2-chlorohexane 


3-chlorohexane 


4.21-answer 


Energy 


Degrees of rotation about the central carbon-carbon bond of butane 


4.22-answer 


a) 


b) 


CsHie 


85.63% C 
14.37% H 


C5Hs 


88.1696 C 
11.84% H 
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Figure 4.9. Our understanding of bonding capabilities involves the concept that diminished 
overlap of interacting orbitals should result in weaker (less stable) bonds. A correspondingly 
higher energy content for a molecule results from such a diminished overlap of the critical 
orbitals. There is an inverse correlation between energy content and stability. This concept 
correlates with the experimentally observed higher heat of combustion per methylene group 
for cyclopropane than for open-chain alkanes. 

It was once believed that all rings in organic molecules were planar. Heat of combustion data 
(as do many other modes of analyses of structures) allow us to refute this notion. If all rings were 
planar, the maximum stability per methylene group would be found with cyclopentane because 
a regular pentagon has internal angles of 108°, very close to the tetrahedral value. 

Actually, cyclopentane is thermodynamically less stable per methylene group than is cyclo- 
hexane. We infer the latter molecule to be unstrained from the combustion data as shown in 
Table 4.1. This lack of strain is not consistent with a planar structure for cyclohexane. A regular 
hexagon has internal angles of 120°, significantly larger than the tetrahedral angle of 109°28’, 
so we would expect a planar cyclohexane molecule to be quite strained. 

Combustion data on even larger rings also suggest that the concept of planar rings is false. 
Strain would be expected to increase with increasing ring size above five members because the 
internal bond angles would be forced to be larger. As we do not find this to be the situation, 
we conclude that these rings are not planar. Other studies, including X-ray analysis, confirm 
the non-planarity of cycloalkane rings other than cyclopropane. 

The preceding discussion raises some important questions. What are the sources of strain in 
cyclic compounds? What effect does strain have on the properties of a cyclic compound? 
We will begin to discuss these questions later in this chapter (Section 4.4) and will consider them 
in greater detail in Chapter 13. 


Special Topic 


Cyclopropane 


Cyclopropane is a particularly intriguing molecule. As we have noted, the bonds constituting the ring 
are particularly strained. Looking at a tetracoordinated carbon atom we normally envision the 
O bonds as being formed using sp? hybrid orbitals from carbon. However, we must remember our 
earlier caution concerning the concept of “hybrid orbitals.” Hybrid orbitals are simply a mathemati- 
cal way in which we attempt to relate to experimental reality. We fully realize that the use of sp? 
hybrid orbitals in speaking of bonding in the ring bonds of cyclopropane is quite inadequate for 
explaining reality. 

We can contemplate several aspects of this system. One is that the bonds external to the 
cyclopropane ring have an angle between them of 120°. This correlates with a mix of atomic orbitals 
of carbon of sp? for the formation of these bonds. If this mix of orbitals is being used for the exter- 
nal bonds, a mix “lighter” in s content must be used for the ring bonds. In fact, we can calculate that 
the optimal mix of atomic orbitals for the ring bonds is sp?—this should not be taken as actually 
being a set of orbitals that involve 5 p orbitals. It simply means that the mix of atomic orbitals being 
used by the carbon is one part s for every 5 parts p. 


4.24-answer 


No. They have the same empirical formula, CH». You would need a molecular weight in 
order to calculate the molecular formula in order to distinguish between them. 


4.25-answer 


The answer from Problem 4.18c is again shown here. 


CH, CH, СН; 
cao cH, CH; 


H 
H H 
H 


This representation looking along the C4-C; bond actually represents a range of 
conformations that relate to the rotational relationships along the indicated propyl groups. 
For example, we can see from the following representations for the С;-С; bond (along 
with the view for the C4-Cs bond) that a wide range of energies can be represented for the 
eclipsed central bond with different rotational relationships for other bonds. 


Н.С H 
H H 
H H 
`H УСН; 
H CH, CH, CH; H CH,CH, CH, 
H H 
H H H 


шш 


METHANOL AND ETHANOL 


5.1 INTRODUCTION 


Alcohols are represented by the general formula R-OH, where R indicates an alkyl group. The 
two simplest members of the alcohol family, methanol (R = СНз) and ethanol (R = СН;СН;), 
are among the oldest known compounds to have been purified. Both can be obtained from 
biological sources or synthesized commercially, and both find widespread use in industry and 
the laboratory. 

The hydroxyl group (-OH), the functional group of alcohols, is also present in the 
water molecule (H-OH). There are important similarities (and differences) in the proper- 
ties of water and the alcohols. This chapter provides an introduction to the chemistry of 
the alcohols by focusing on methanol and ethanol and by comparing and contrasting them 
with water. 


5.2 METHANOL: MANUFACTURE AND USE 


Methanol can be manufactured from wood by a process known as destructive distillation. Wood 
is heated to temperatures above 250°C in the absence of air. Under these conditions the large 
molecules in wood are split (or degraded) into smaller ones. One of these smaller molecules is 
methanol. Methanol has a relatively low boiling temperature and volatilizes under the destruc- 
tive distillation conditions. It is collected by allowing it to distill into a receiving vessel, where 
it condenses as a colorless liquid. Because this process was once a standard manufacturing 
process, the name wood alcohol is sometimes used to describe methanol. (This process is no 
longer of commercial significance.) 

A different procedure is now used to manufacture methanol on the large scale needed for 
industry (about 10 million tons/year). Carbon monoxide and hydrogen are heated in the 
presence of a catalyst in a high pressure reaction vessel. The reaction is shown in Equation 5.1. 
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ZnO/Cr505 
CO+2H, — — ————- CH40H 
400'C, 150 atm. (Eq. 5.1) 


Most manufactured methanol is converted into other useful chemicals. However, some is 
used for gasoline feedstocks, and it is a useful solvent. Methanol has also been used in the com- 
mercial production of proteins. Some yeasts and bacteria are able to use methanol as a carbon 
source for synthesizing proteins (Chapter 26). The protein synthesis is performed in an aqueous 
nutrient solution that contains appropriate nitrogen, sulfur, and phosphorus compounds. The 
proteins produced have been used as a feed supplement for animals. Methanol itself is highly 
toxic and causes blindness and death if taken internally. 


5.3 €THANOL: MANUFACTURE AND USE 


Ethanol is the principal alcohol present in alcoholic beverages. (Depending on the type and 
brand, small amounts of other alcohols are also present.) Ethanol has been prepared by the yeast 
fermentation of aqueous solutions of sugars and starches and used as a component of beverages 
since ancient times. Common fermentation sources for ethanol production are corn, blackstrap 
molasses (the residue remaining after the purification of cane sugar), rice, potatoes, and grain 
(hence the term grain alcohol), grape and other fruit juices, and certain vegetables. The process 
of fermentation of sugars (carbohydrates, Chapter 24) proceeds under the catalytic influence of 
enzymes. Many steps are involved, and different enzymes catalyze the different steps. Under 
fermentation conditions yeast acts on an aqueous solution of the sugar or starch. As the reaction 
proceeds, carbon dioxide is evolved and ethanol is formed. The maximum concentration of 
alcohol produced in the solution by this method is in the range 12-15%. Higher concentrations 
are toxic to the yeast. 

Ethanol, like methanol, is a bulk industrial chemical. The usual sources of industrial 
ethanol are fermentation (described above) and synthesis. The usual starting material for syn- 
thesizing ethanol is ethylene (H;C-CH»), which is in turn prepared (in billions of pounds per 
year) from natural gas. Regardless of the method of production, ethanol is obtained mixed 
with water. When this mixture is distilled, an azeotrope (a constant boiling mixture) of 
approximately 95% ethanol and 5% water is obtained. This mixture is satisfactory for many 
purposes, but there is sometimes a need for pure (100%) ethanol, which is also known as 
absolute ethanol. 

Various methods are available to decrease the water content from the 5% level to zero. One 
method involves adding quicklime (calcium oxide, CaO), which reacts with water to produce 
calcium hydroxide but has no effect on the ethanol. Ethanol dried in this way is purified by a 
simple distillation. 

Another approach involves the formation of a minimum-boiling ternary azeotrope of water, 
ethanol and cyclohexane. When the water has been removed by distillation of the low-boiling 
ternary azeotrope (water/ethanol/cyclohexane = 4.8%/19.7%/75.5%; 62.60°C), a binary 
azeotrope of ethanol and cyclohexane distills (ethanol/cyclohexane = 29.2%/70.8%; 64.8°C) 
until pure ethanol remains (b.p. 78.5?C). 

Ethanol has many uses. Like methanol, it can be used as a fuel. Mixtures of ethanol and 
gasoline are referred to as gasohol, and in cooler climates (e.g., most parts of North America) 
ethanol is commonly added to gasoline as an internal source of oxygen. Ethanol is used as the 
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starting material for the manufacture of other important organic substances, and, like methanol, 
can serve as a carbon source for biological protein synthesis. Ethanol is also used commonly as 
a solvent. It has a dissolving ability for a wide range of solutes. It is significantly less toxic than 
is methanol, but it is addictive. In its role as an addictive drug, ethanol is responsible for millions 
of dollars of damage per year worldwide and many human deaths. 


5.4 DETERMINATION OF MOLECULAR STRUCTURE 


We can perform quantitative elemental analyses of methanol, ethanol, and other compounds in 
the same manner as we described in Chapter 4 for hydrocarbons. 

Qualitative elemental determinations indicate three elements (carbon, hydrogen, and 
oxygen) to be present in both methanol and ethanol. Combustion analysis yields the amount of 
carbon and hydrogen only. Usually no direct analysis for oxygen is performed for an organic 
compound due to experimental difficulties that add to the cost of the overall analysis. Instead, 
knowing all of the elements present from qualitative determinations, we normally analyze 
quantitatively for all other elements and then assume that any weight unaccounted for is oxy- 
gen. Such analysis leads to the formulas СНО апа C,H,O for methanol and ethanol, 
respectively. 

The molecular formula CH4O for methanol is consistent with just one structure (CH3OH) in 
which all of the atoms form their usual number of bonds. However, the molecular formula of 
ethanol, C;H4O, is shared by two isomeric structures, CHOCH; апа CH3;CH,OH. One of them 
must correspond to the structure of ethanol, but which one? 

Early chemists observed striking similarities in the properties of water, methanol, and 
ethanol (these similarities will be discussed in the following sections of this chapter). These 
observations led to the conclusion that the three materials had a common structural unit, the 
hydroxyl group (-ОН), and led to the choice of the structure of CH;CH,OH for ethanol. 

Chemical similarities are still used occasionally by chemists to assist in structure determi- 
nations. However, physical methods such as infrared and nuclear magnetic resonance 
spectrometry have now assumed the central role in molecular structure elucidation. (These tech- 
niques will be described in Chapter 17.) For the present let us simply note that the infrared 
spectra of all alcohols (and water) exhibit characteristic signature patterns that we associate with 
the О-Н bond. 


5.5 WATER, METHANOL, AND ETHANOL: PHYSICAL 
SIMILARITIES 


Some common physical properties of methanol, ethanol, and water are listed in Table 5.1. 
Methanol and ethanol are both volatile, flammable liquids that are less dense than water. 

Water, methanol, and ethanol are all colorless liquids under normal conditions. That all three 
are liquids is revealing because many compounds of similar molecular weight are gases at ordi- 
nary temperature and pressure. Comparisons of the three compounds with alkanes of similar 
molecular weight are shown in Table 5.2. 

The relatively high boiling temperatures of water and these alcohols are the result of 
hydrogen-bonding interactions among neighboring molecules. It is particularly noteworthy that 
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ТавіЕ 5.1 Some Physical Properties of Methanol and Ethanol. 


Property Methanol Ethanol Water 
Boiling Temperature (°C) 64.65 78.5 100 
Melting Temperature (°C) = zy s 0 
Density (g/mL, 20°C) 0.7914 0.7893 0.9982 
Refractive Index 153931 183 1.36242 1.313 
Water Solubility miscible miscible - 
“Flash Point (°C) 52 55 - 
*Ignition Temperature (°С) 123 689 - 
Lethal Dose 

(lowest recorded oral, human-mg/Kg) 340 2000 - 


«Тһе lowest temperature at which vapors of a substance will ignite momentarily upon application of a flame in air. 
*The lowest temperature at which combustion begins and continues upon heating in air. 


ТАВІЕ 5.2 Boiling Temperatures of Water, Simple Alcohols, and Alkanes of similar 
Molecular Weights. 


Compound Molecular Weight (g/ mole) Boiling Temperature (°C) 
HOH 18 100 

СН, 16 —161 

СЕЗОН 52 64.65 

СЊСНз 30 -89 

СН;СН-ОН 46 78.5 
СН;СН-СН; 44 -45 


even methanol, the simplest alcohol, is a liquid at ordinary temperature. Тһе simplest members 
of most classes of organic compounds are gases at room temperature, as can be seen in Table 5.3. 

Of the compounds listed in Table 5.3, only two (methanol and formic acid) are liquids at 
room temperature. Both compounds have strong and extensive intermolecular associations 
through hydrogen bonding (see Chapter 3). 

Consider boiling temperatures in a little more detail. The boiling temperature of water (molec- 
ular weight 18 g/mole) is 261 C? higher than that of methane (molecular weight 16 g/mole). 
However, the boiling temperature of methanol (molecular weight 32 g/mole) is only 154 C? above 
that of ethane (molecular weight 30 g/mole). The extra-high boiling temperature of water can be 
attributed to more efficient hydrogen bonding. Both of the hydrogen atoms and the oxygen atom 
of water participate in hydrogen bonding, as illustrated in Figure 5.1. 

By contrast, an alcohol molecule has only one hydrogen that can participate in hydrogen 
bonding with other alcohol molecules, as shown in Figure 5.2. Its alkyl group can not participate 
in hydrogen bonding since it lacks a hydrogen atom directly attached to an electronegative atom. 

Because their hydrogen bonding is more extensive, water molecules form larger aggregates 
than do alcohol molecules, and greater amounts of energy are required to break up the larger 
aggregates. As a result, water has a higher boiling temperature than either methanol or ethanol, 
in spite of the higher molecular weight of the alcohols. 
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TABLE 5.3 Comparison of the Simplest Members of Several Classes of Organic 
Compounds. 


Class Simplest Member Boiling Temperature (°C) Physical State (20°C) 
alkane СН, —161 gas 
alcohol CH30H 65 liquid 
alkene H5C-CH5 —104 gas 
alkyne HC=CH —84 (sublimes) gas 
ether CHOCH, —24 gas 
aldehyde H,C=O =] gas 
amine CH3NH> —] gas 
fluoride СЊЕ = gas 
chloride CHsCI —24 gas 
acid H-C(O)OH 100.7 liquid 
H . Н 
9 
AE 
H^ н. НН 
н H 
о H Он 
“о” 


Ғісиве 5.1 Hydrogen bonding among molecules іп liquid water. Each water molecule can 
participate in hydrogen bonding using both hydrogen atoms. The effect 
continues in three dimensions. Some of the possible hydrogen bonds to each 
oxygen are omitted in the interest of clarity. 


FigurE 5.2 Hydrogen bonding among alcohol molecules. The alkyl groups can not 
participate in hydrogen bonding. Again, some of the possible bonds to each 
oxygen are omitted. 


128 ORGANIC CHEMISTRY 


Methanol and ethanol are miscible with water. That is, mixing water with methanol or 
ethanol is any proportions produces a solution. For alcohols in general, two factors compete in 
governing their solubility properties. The polar hydroxyl group tends to favor associations with 
other polar molecules through hydrogen bonding and dipole-dipole interactions. The nonpolar 
alkyl groups of alcohols tend to favor associations with nonpolar molecules through van der 
Waals interactions. For the lower molecular weight alcohols, the nonpolar alkyl group plays a 
relatively minor role. Methanol and ethanol are fully water soluble because their molecules can 
form hydrogen bonds as or more effectively with water molecules than with similar alcohol 
molecules, as shown in Figure 5.3. 

Water molecules are able to surround fully those alcohol molecules that contain small alkyl 
groups. The entire molecule can become encapsulated in the water structure, as shown in 
Figure 5.4. 

Larger alkyl groups prevent this type of encapsulation and greatly disturb the continuum of 
hydrogen-bonding interactions, as shown in Figure 5.5. The solubility in water of alcohols with 
large alkyl groups is greatly decreased. (Solubilities of heavier alcohols in water are to be found 
in Chapter 6.) 


FIGURE 5.3 Formation of hydrogen bonds between water and methanol molecules. This 
hydrogen bonding plays a key role in the miscibility of the two substances. 
Again, some of the possible hydrogen bonds are omitted. 


H 


| 
On 
E H.. 0^ 


Figure 5.4 Dissolution of methanol in water. The entire methanol molecule can be 
surrounded by water molecules without appreciably disturbing the continuum 
of favorable hydrogen bonding interactions. The effect continues in three 
dimensions. 
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FicunE 5.5 Association of water and 1-heptanol molecules. The water can not completely 


surround the 1-heptanol molecule without appreciable loss of favorable 
hydrogen bonding among water molecules. Thus, 1-heptanol has a very low 
solubility in water. 


Special Topic 


Polyols 


Diols and triols are substances that contain two and three hydroxyl groups, respectively. The 
simplest diol is ethane—-1,2,-diol, usually known as ethylene glycol, and the simplest triol is 
propane-1,2,3-triol, commonly known as glycerine or glycerol. These structures are shown 
below. 


H5C- CH, H5C- CH - СН, 
/ N / | \ 
HO OH HO OH OH 
Ethylene Glycol Glycerol 


Both of these substances are oily, viscous materials. Their viscosity results from the ability of the 
molecules to hydrogen bond to neighbors through more than one hydroxyl group. As a result of their 
hydrogen bonding capabilities, these compounds are miscible with water. Ethylene glycol is com- 
monly used as an antifreeze in the cooling systems of automobiles. Its miscibility with water allows 
us to prepare aqueous solutions having very low freezing temperatures, while at the same time having 
relatively high boiling temperatures. 

Some insects use glycerol as their own antifreeze. Such insects accumulate glycerol in their cells 
(up to 15%) during the fall to protect themselves from low temperatures during the winter months so 
as to avoid damage to cells from ice crystal formation. With a glycerol content of 1546, eggs of the 
moth Alsophilia pomentaria can be cooled to temperatures as low as —45°C before fatal ice crystal 
formation occurs. 
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5.6 WATER, METHANOL, AND ETHANOL: 
CHEMICAL SIMILARITIES 


REACTIONS WITH Астіуе METALS 


The effect of dropping a small pellet of sodium or potassium into water is quite spectacular. 
A vigorous reaction takes place during which hydrogen gas is evolved. With potassium the 
reaction is sufficiently violent to ignite the hydrogen immediately, as it is if a large amount of 
sodium is used. The metal is reduced to a cation that goes into solution. This reaction is 
described in Equation 5.2. Evaporation of the resultant aqueous solution yields pure sodium 
hydroxide as a white solid. 


НО + М — — — —— —» Na" (ag) + НО (aq) + 1/2H ag) (Eq. 5.2) 


If sodium metal is added to methanol or ethanol, very similar experimental observations are 
made. The reaction is less vigorous, but hydrogen gas is again evolved. On evaporation of the 
excess alcohol a white solid is obtained. This white solid is an alkoxide salt. The reaction of 
sodium with methanol is described in Equation 5.3. On evaporation of the excess methanol the 
salt sodium methoxide (NaOCH;) is obtained. Notice the nomenclature used for the anion of this 
salt as it reflects the structural similarity between HO- (hydroxide ion) and CH3O- (methoxide 
ion). (We will return to a discussion of alkoxide salts later as they are of utility in the synthesis 
of ethers and in the formation of alkenes from haloalkanes.) 


CH30H + Ма ——» Ма“ (solv) + CH3O0" (оу) + 1/2 Hog (Eq. 5.3) 


ALCOHOLS AS ACIDS 


An alkoxide ion, КО“, is the conjugate base of an alcohol, ROH. We therefore anticipate that 
reaction of a suitable base with an alcohol should yield an alkoxide ion. We indeed find this to 
be true. The alcohol in such a reaction behaves as a Вгфизтей acid, donating a proton to the base, 
as is illustrated in Equation 5.4. 


СНЗОН + [Base] ————— CH30 “(goly) + Base-H (Eq. 5.4) 


In Chapter 3 we noted that the position of equilibrium in such reactions is to the side of the 
equation containing the weaker acid and the weaker base. In order to push the equilibrium to favor 
the formation of methoxide ion, it is necessary to use a base appreciably stronger than the 
methoxide ion. The base most common to students of introductory chemistry is hydroxide ion. 
However, the strengths of the hydroxide ion and the methoxide ion as bases are rather similar. 
(The methoxide ion actually is somewhat stronger than the hydroxide ion.) Accordingly, hydrox- 
ide ion is not the best choice for a base to use in preparing methoxide ion from methanol. The 
equilibrium for the reaction shown in Equation 5.5 lies somewhat to the left in aqueous solution. 


CH,0H+HO- ч CH30 + H,O 
weaker weaker stronger stronger 
acid base base acid (Eq. 5.5) 
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In organic chemistry we often need to use bases that are appreciably stronger than 
hydroxide ion in order to achieve an efficient reaction. In Chapter 3 we introduced several 
guidelines for estimating the strengths of bases and acids. One base that is stronger than 
hydroxide ion is the amide ion (КН). We find that when potassium amide (КМН)) is added 
to the methanol the reaction proceeds dominantly to the right-hand side, as shown in 
Equation 5.6. 


CH,0H+H,N 5 СНО“ + ИЗМ 
stronger stronger weaker weaker 
acid base base acid (Eq. 5.6) 


Note that methoxide ion reacts with water to form hydroxide ion (the reverse reaction of 
Equation 5.5). This reaction illustrates a fundamental aspect of acid-base equilibria. The 
strongest base that can exist in a solvent in appreciable concentration is the conjugate base of 
the neutral solvent. Any stronger base added to the solvent predominantly reacts with that sol- 
vent and converts the solvent to its conjugate base. 


ALCOHOLS AS BASES 


Within the hydroxyl group of alcohols is an oxygen atom with two unshared pairs of electrons. 
Alcohols can thus function as Brgénsted bases using one of the two unshared electron pairs to 
bind a proton (H*) from some suitable donor. In doing so the oxygen atom acquires a third bond 
and a formal positive charge. Positive ions with three bonds to oxygen are known as oxonium 
ions. When methyl alcohol accepts a proton the methyloxonium ion is formed, as shown in 
Equation 5.7. Because alcohols are very weak bases, only a very limited concentration of oxo- 
nium ion is produced from alcohol in aqueous solution. (Hydronium ion, НзО+, a protonated 
water molecule, is a type of oxonium ion and exists in ordinary water to the extent of 10-7 
moles/L.) Strong acids, such as hydrochloric (НСІ) and sulfuric (H2SOx) acids, efficiently pro- 
tonate alcohols. The oxonium ions produced in this manner are quite reactive and often proceed 
to react with other species in solution. We will discuss one such reaction later in this chapter 
(Section 5.8). 


H H 
+l 
H3C — О: + H* ----- H3C— О 
H 
methyloxonium ion (Eq. 5.7) 


5.7 THE OXIDATION OF METHANOL AND ETHANOL 


Most manufactured methanol is converted into formaldehyde using the reaction shown in 
Equation 5.8. Approximately two million tons of formaldehyde are prepared annually by this 
route. Most of this formaldehyde is used to manufacture plastics. Formaldehyde, like methanol, 
is a significantly toxic material (see “Biological Oxidations" later in this chapter). 
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Ag catalyst 
CH30H + О — — ——— Н,С=0 + H,0 
600-700°С 
formaldehyde 
(methanal) (Eq. 5.8) 


The conversion of methanol to formaldehyde is an oxidation. Oxidation and reduction are 
usually defined in terms of the loss (oxidation) or gain (reduction) of electrons by a chemical 
species. In introductory chemistry courses students learn how to use oxidation numbers to keep 
track of species undergoing oxidation and reduction. We commonly use the standard values of 
+I and -II as the oxidation numbers of hydrogen and oxygen atoms, respectively, in organic 
compounds. We can use these values, along with the rule that the sum of the oxidation numbers 
in a species equals the charge on that species (neutral molecule or ion), to derive oxidation num- 
bers for the carbon atoms of methanol and formaldehyde. These oxidation numbers for carbon 
in the two compounds respectively thus calculate as —II and zero, as shown in Figure 5.6. 

Oxidation numbers are used only occasionally by organic chemists. More often, organic 
chemists recognize the oxidation state of a compound or site within a compound by its structure. 
For organic compounds it usually is sufficient to think of oxidation as the addition of oxygen to 
or the removal of hydrogen from a molecule. More specifically, oxidation generally involves the 
breaking of carbon-hydrogen (or sometimes carbon-carbon) bonds and the making of carbon- 
oxygen bonds at the site undergoing transition. Correspondingly, reduction is the addition of 
hydrogen or the removal of oxygen from a molecule. A hierarchy of oxidation states for organic 
functional groups (containing one carbon only—the site undergoing transition) is summarized 
in Figure 5.7. 

Many kinds of oxidizing and reducing agents are used in organic chemistry. Drastic condi- 
tions (e.g., combustion) cause the oxidation of alcohols and other compounds to proceed all the 
way to carbon dioxide. Controlled oxidation procedures must be used to stop the oxidation at 
the level of a carbonyl or carboxyl group. We will see that the development of reagents that bring 
about controlled oxidations and reductions is an important part of organic chemistry. The search 
for selective reagents to accomplish the entire range of chemical transformations will continue 
to occupy the time and thinking of research chemists. 


+ +I 
H H 
Е pu H \ E 
ES ri асы zero —3» P d 
H DE ü 
+I ы 
-H 


Figure 5.6 Oxidation numbers for the carbon atoms of formaldehyde and methanol. The 
values are derived by assigning to hydrogen and oxygen their customary oxidation 
numbers of + and -lI respectively. Since the sum of oxidation numbers within each 
neutral molecule must be zero (each molecule has an overall charge of zero), it 
follows that the oxidation number of the carbon atom in methanol is –1! and in 
formaldehyde is zero. The conversion of methanol to formaldehyde is therefore an 
oxidation, because the oxidation number of the carbon has increased. 
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Class of eges 
C, Example Oxidation # С-Н Bonds | #С-О Bonds 
Compound 


Carboxylic 
Acid 


Carbon 
Dioxide 


Figure 5.7 Hierarchy of oxidation states for several classes of organic compounds. 
Oxidation state of carbon increases proceeding down the listing. 


Special Topic 


Biological Oxidations 


The human body, along with other organisms, is able to oxidize alcohols. Common oxidizing agents that 
organic chemists use in the laboratory oxidation of alcohols would cause serious complications if they 
were to be involved within a biological system rather than in a glass laboratory vessel. Thus, biological 
organisms perform oxidations through a series of reactions utilizing oxidizing reagents particularly 
suited to the complexities of a living system. For example, in biological systems a compound known as 


н 0 
NS ~ alcohol dehydrogenase 
Вен + | ма ------- 
> 
H Ny 
R 
NAD+ 
HHO 
C 
“NH, + Ht 
CH43CH-O + || | a 
À 
R 
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nicotinamide adenine dinucleotide (NAD*) plays a pivotal role as an oxidizing agent. The reaction 
process of oxidizing an alcohol occurs in the presence of a catalyst, an enzyme known as alcohol dehy- 
drogenase. One such reaction is illustrated here, that of ethanol being oxidized to acetaldehyde. 

The hydrogen that is transferred from ethanol to the NAD* is indicated differently from both the 
hydrogen that is retained on the carbon in ethanol and the hydrogen originally present in the NAD+ 
species. More will be said about details of this process in Chapter 28, as will the nature of the group 
“R” attached to nitrogen. The group “R” is structurally complex; it is related to the nucleotide 
systems described in Chapter 3 regarding hydrogen bonding and nucleic acids. While the “R” group 
structure is important for recognition and binding with the biological catalyst, it is not involved 
directly in the oxidation-reduction depicted here. 

In humans, this process occurs in the liver. The NAD+ that serves as the oxidizing agent becomes 
reduced to the NADH (nicotinamide adenine dinucleotide—reduced), which can serve as a reducing 
agent for the reverse reaction. Further oxidation of the acetaldehyde to acetic acid and ultimately to 
carbon dioxide also occurs. The drug Antabuse, used in the treatment of severe alcoholism, inhibits 
the alcohol dehydrogenase, leading to temporary, violent illness upon ingestion of ethanol. 

Methanol as well is oxidized in biological systems. The immediate product of oxidation is 
formaldehyde, which is further oxidized to formic acid. These oxidation products are highly poison- 
ous to humans and account for the high toxicity of methanol. Acetaldehyde, formed in the oxidation 
of ethanol, is also toxic. However, it is less toxic than either formaldehyde or formic acid. 


5.8 REACTION OF METHANOL AND ETHANOL 
WITH HYDROGEN BROMIDE 


THe REACTION 


When methanol or ethanol is heated with hydrogen bromide (HBr), a reaction occurs in which 
a bromine atom takes the place of the hydroxyl group, as shown in Equation 5.9. 


CH3CH, OH + HBr — > CH3CHBr + НО (Eq 5.9) 


Hydrogen chloride (HCl) and hydrogen iodide (HI) react similarly with ethanol. This reac- 
tion is another example (see Chapter 4) of a substitution reaction. Remember, a substitution 
reaction is one in which one atom or group of atoms takes the place of some other atom or group 
of atoms. Here, a halogen takes the place of a hydroxyl group. 


THe MECHANISM OF A REACTION 


Our understanding of organic reactions depends on our ability to unravel the sequence of events 
that happens between the time the reagents come together and the time the product or products 
are formed. This sequence of events is referred to as the mechanism of the reaction. (We briefly 
mentioned the concept of a reaction mechanism in Chapter 4.) We usually describe a mechanism 
by writing equations for a series of individual steps that lead to the product(s). To write a com- 
plete mechanism, each step must be listed. 

We are, of course, unable to observe directly what is happening at the molecular level in any 
reaction. We must infer what is happening through interpretation of experimental observations 
and logical application of the best theory. Once a mechanism has been proposed, it must be care- 
fully tested. First, the proposed mechanism is used to make predictions of what would happen 
in reactions not yet observed. These reactions are then performed so that the predictions can be 
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tested. If the experimental observations are different from those predicted, then the proposal for 
the mechanism must be changed. Only when the proposed mechanism is found to predict new 
experimental results correctly do we give it validity. 

Organic chemists constantly find new ways to test mechanisms. Sometimes, previously 
accepted mechanisms are changed on the basis of new results. Many mechanisms have been so 
thoroughly tested that they are generally assumed to be correct. Included in this category is the 
reaction of methanol and ethanol (and other primary alcohols) with hydrogen bromide. 


THe MECHANISM OF THE HBr REACTION WITH 
METHANOL AND ETHANOL 


The mechanism deduced from a series of experiments consists of two steps, which are illustrated 
here for the reaction of hydrogen bromide with ethanol. 

We will now consider this mechanism in the context of experimental observations. For 
example, what happens if we mix ethanol and hydrogen bromide while keeping the reaction 
mixture cold? Experimentally we find that no bromoethane is formed. The initial acid-base reac- 
tion occurs as rapidly as the reagents are mixed, but the second step of the reaction is extremely 
slow, and fundamentally does not occur in a reasonable period of time. 

Suppose we heat ethanol and sodium bromide (NaBr). Experimentally we find that no 
reaction of any kind occurs under these conditions. We infer that a bromide ion is not able to 
displace a hydroxide ion from an alcohol. 

On the basis of these and other observations we conclude that bromoethane is formed by the 
reaction of bromide ion with the protonated ethanol (i.e., the ethyloxonium ion). We also find 


Mechanism of the Reaction of Hydrogen Bromide with 
Ethanol 


Step 1 An acid-base reaction occurs in which HBr protonates the oxygen of the ethanol to form 
an oxonium ion. 


CH,CH, —0—H + H—Br: ——> CH,CH,—O—H + В: 
хх | 
H 


Step 2 The bromide ion displaces a molecule of water from the oxonium ion. The product bro- 
moethane is thus formed. 
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that an elevated temperature is required for this reaction to occur at a reasonable rate. Although 
many alcohols in addition to methanol and ethanol also react according to the same mechanism, 
there are some categories of alcohols that react by a different mechanism. We will look at the 
experimental evidence supporting this contention in Chapter 7, where we will consider the ques- 
tion of alternative mechanisms by which structurally different alcohols react. 

Now, let us introduce some important terms that relate to this reaction. Bromide ion is said 
to function as a nucleophile in the reaction described. A nucleophile is a molecule or ion that 
supplies a pair of electrons to form a bond to an atom other than hydrogen. A nucleophile is 
thereby a type of Lewis base. Lewis bases can in general behave either as nucleophiles or as 
Brgnsted bases (see Figure 5.8). As the latter they supply a pair of electrons to bond to a proton. 
The same Lewis base may function as a nucleophile in one reaction and as a Brénsted base in 
another reaction. Therefore we should not say that a bromide ion is a nucleophile, but rather that 
it functions as a nucleophile in certain reactions. 

The water molecule that is displaced in the second step of the reaction is called a leaving group. 
We further say that it is a good leaving group since it is readily displaced. (In later chapters we will 
accumulate knowledge that allows us to predict which groups are good leaving groups and which 
are poor leaving groups.) The reaction of methanol, ethanol and other primary alcohols (see Chapter 
6) with НСІ is aided by the addition of ZnCl;. The alcohol, acting as a Lewis base, reacts with the 
ZnCl, to generate the intermediate shown in Figure 5.9. The net effect is to generate an even better 
leaving group than water. A solution of ZnCl, in 
Chemical Biogr aphy hydrochloric acid is known as the Lucas reagent. 
(The Lucas reagent is of use for a rapid determina- 
tion of the nature of a hydroxyl group in an organic 
b. 1885 molecule. In the following chapter we will review 
d. 1963 the differences in chemistry associated with 
D.Sc. Ohio State University 1953 hydroxyl groups attached to differently substituted 
carbon atoms. The Lucas reagent provides us with 
a rapid test to assay the number of carbons attached 
to a carbon atom bearing the hydroxyl group.) 


HOWARD JOHNSON LUCAS 


Lewis Base 


A molecule or ion that 
supplies an electron pair 
to bind to another atom 


Вгоп ед Base Nucleophile 


A Lewis base that uses A Lewis base that uses 
its electron pair to bond to its electron pair to bond to 
a hydrogen atom (i.e. one an atom other than hydrogen 

that acts as a proton acceptor) 


Figure 5.8 Subdivisions of Lewis bases. Any molecule that supplies an electron pair for 
bond formation is a Lewis base. Lewis bases can be classified as Bronsted bases 
or as nucleophiles, depending on the atom to which they bind. 
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H 
+ / 
CH,CH, — O: 
ZnCl, 


Figure 5.9 Intermediate in the reaction of ethanol with the Lucas reagent. 


In due course you will be able to recognize features in a molecule that enable it to function 
as an efficient nucleophile and ultimately know how to combine this with other knowledge about 
leaving group abilities to predict the consequences and mechanisms of nucleophilic 
substitution reactions (reactions in which a nucleophile displaces a leaving group from a 
reaction center). The reaction of HBr with ethanol, analyzed in the present chapter, is but one 
example of this extremely important reaction type. 


Molecular Orbital Analysis 


Frontier Orbitals and the Rate of Reaction 


In a multi-step reaction, the overall rate of the reaction is equal to the rate of its slowest step. 
We will have more to say about this topic later. The important point now is that the slow step of 
the reaction of hydrogen halides with methanol or ethanol is the second step, that is, the displace- 
ment of water from the alkyloxonium ion by halide ion. The rate of this displacement process 
governs the rate at which haloalkane is formed: it is the chemical bottleneck in the conversion of 
alcohol to haloalkane. 

There are many questions we might have about such a reaction, beyond those raised in the 
preceding sections. For example, we observe that HI reacts faster than does HBr with both 
methanol and ethanol. We infer from this observation that iodide ion reacts faster with the 
alkyloxonium ion than does bromide ion. Why is this so? We also pointed out in the earlier 
discussion that halide ions do not perform displacements on the unprotonated alcohols. Only with 
the alkyloxonium ion does the displacement occur. How can we have a better understanding of 
these observations? 

Organic chemists use many different approaches to improve their understanding of reactions. We 
will now explore one useful approach based on a frontier molecular orbital analysis of the second 
step of the reaction mechanism. Consider the reaction of bromide ion with ethyloxonium ion. When 
we apply the frontier molecular orbital model (see Chapter 2) we need to consider the HOMO of the 
Lewis base (bromide ion) and the LUMO of the Lewis acid (ethyloxonium ion). Remember that a 
Lewis base is an electron-pair donor. Thus, the Lewis base orbital we need to consider is an occu- 
pied orbital—its HOMO. Similarly a Lewis acid is an electron-pair acceptor. For it, the frontier 
orbital we need to consider must be vacant, that is its LUMO. 

The HOMO of the bromide ion is a Ар orbital. The LUMO of the ethyloxonium ion is the 6% 
orbital associated with the carbon-oxygen bond. The interaction of these orbitals leads to two new 
orbitals. The more stable (lower energy) new orbital is the б orbital (bonding) associated with the 
new carbon-bromine bond. This orbital is shown in Figure 5.10. 
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Ғісиве 5.10 Frontier orbital interaction of the ethyloxonium ion with bromide ion. 


Energy 
LUMO of ethyloxonium ion 
smaller 
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a 
5p orbital 
of iodide 
108 RU orbital of 


bromide ion 


Figure 5.11 Comparison of HOMO-LUMO gaps in reaction of ethyloxonium ion with 
halide ions. A faster rate is associated with a smaller HOMO-LUMO gap. 


By experiment we find that iodide ion reacts faster in this reaction than does bromide ion. 
Consider the frontier molecular orbitals involved in the reactions. The HOMO is now an iodide 5p 
orbital instead of a bromide 4p orbital. The iodide 5p orbital is higher in energy than the bromide 4p 
orbital. Thus the energy gap between the HOMO of the halide ion and the LUMO of the ethyloxo- 
nium ion is decreased, as is illustrated in Figure 5.11. 

In general we find that the efficiency of the HOMO-LUMO interaction is governed by the energy 
separation. We thus rationalize our observation of a faster reaction with iodide than with bromide in 
terms of a more efficient orbital interaction with the iodide. 

The frontier molecular orbital model can also help us rationalize the experimental observation that 
unprotonated alcohols do not react with halide ions. The LUMO associated with the carbon-oxygen 
bond of an alcohol is similar to that of the oxonium ion; however, its energy is higher. The positive 
charge of the alkyloxonium ion lowers the energy of the LUMO compared to the parent neutral 
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Energy 
С-0 o* of neutral alcohol 
C-O o* of 
alkyloxonium ion larger 
energy 

smaller gap 

energy 

gap | | 

4p orbital of 


bromide ion 


Figure 5.12 Comparison of HOMO-LUMO gaps. The HOMO-LUMO gap is much larger 
between the bromide ion and the alcohol than it is between the bromide 
ion and the alkyloxonium ion. The reaction will occur much more rapidly 
with the alkyloxonium ion than it will with the unprotonated alcohol. 


alcohol. Thus the alkyloxonium ion is a better electron acceptor (using its LUMO) than is the neutral 
alcohol. There is a smaller HOMO-LUMO for the reaction of a halide ion with the alkyloxonium ion 
than with the neutral alcohol. With the unprotonated alcohol the HOMO-LUMO gap is quite large. 
In fact, it is so large that interaction with a halide ion is quite inefficient (Figure 5.12). This rational- 
ization correlates with the reaction proceeding at a negligibly slow pace. 

The frontier molecular orbital concept is a greatly simplified version of molecular orbital theory. 
When two molecules react, all of their orbitals undergo interactions and change. АП are transformed 
into new molecular orbitals of the product. The frontier molecular orbital model focuses on only two 
molecular orbitals, the HOMO and the LUMO of the two reacting components. Nevertheless, we find 
that this simplification often allows us to make substantial inroads into understanding or predicting 
important aspects of organic chemistry. 

While we use this aspect of the frontier orbital model to introduce the idea that it can have a 
useful role as a predictive tool for the comparison of reaction rates in related reactions, we should 
stress that the size of the HOMO-LUMO gap is not the only factor governing the efficiency or rate 
of a reaction. Electrostatic interactions between charged sites in the reactants, steric effects, and 
other factors are often equally or more important and can overshadow the effect of HOMO-LUMO 
gap considerations. 


* Methanol and ethanol are the simplest members of the class of compounds known as 
alcohols. Every alcohol contains a hydroxyl group, the functional group that is responsi- 
ble for the characteristic chemistry of alcohols. 


* While both methanol and ethanol can be produced directly in biological processes, other 
methods are normally used to synthesize them in large quantities for industrial purposes. 
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* Methanol and ethanol both exhibit physical and chemical characteristics closely related to 
those of water. We can think of alcohols as being derived from water by replacing one 
hydrogen in a water molecule by an alkyl group. 


¢ The alkyl groups of methanol and ethanol are sufficiently small that the hydroxyl group 
is mainly responsible for not only their fundamental chemical properties, but also their 
physical characteristics. 


¢ The ability of both methanol and ethanol to participate in extensive hydrogen bonding is 
a characteristic shared with the parent molecule water. 


* Methanol and ethanol also show acidic and basic characteristics similar to those of water. 
The hydroxyl hydrogen of each can be removed as a proton by reaction with a strong base. 
The result is the formation of a methoxide or ethoxide anion. 


* The oxygen of the hydroxyl group, like that of water, has two unshared pairs of electrons 
that allow it to serve as a basic site. In the presence of sufficiently strong acids this oxygen 
can accept a proton to form an oxonium ion. 


* Protonation of the hydroxyl oxygen of methanol, ethanol, and similar alcohols can lead 
to substitution reactions of the alcohol. Once an oxonium ion has been generated, the 
carbon bearing the oxygen is susceptible to attack by nucleophiles. Halide ions displace 
water to form haloalkanes. 


Terms to Remember 


alcohols oxidation Lucas reagent 
hydroxyl group reduction nucleophilic substitution 
alkoxide salt nucleophile reaction 


oxonium ion leaving group 


Problem 5.1 


Combustion of a 10.16 mg sample of methanol produces 11.43 mg of water and 13.96 mg 
of carbon dioxide. Molecular weight measurements show the molecular weight of 
methanol to be 32 g/mole. Show that these analytical data lead to the molecular formula 
CH,O for methanol. 


(answer) 


Problem 5.2 


A sample of 4.00 mg of vitamin C is subjected to combustion analysis, which produces 
6.00 mg of carbon dioxide and 1.63 mg of water. Other analyses reveal that carbon, 
hydrogen, and oxygen are the only elements present, and additional analysis reveals a 
molecular weight of ~176 g/mole for vitamin C. Find the molecular formula for vitamin 


C. 


(answer) 


Problem 5.3 


A compound with a molecular weight of approximately 60 g/mole gives the following 
result on combustion analysis: 


% C in sample = 60.02 
% H in sample = 13.33. 


The compound is found to contain only carbon, hydrogen, and oxygen, and it does 
not react with sodium metal. Give the molecular structure of the compound. 


(answer) 


Problem 5.4 

Methyllithium (CH3Li) behaves as a source of the strong base те де ion (H3C:) . Write 
an equation for the reaction that you would predict to occur when methyllithium is added 
to each of the substances listed below. Illustrate each reaction using the curved-arrow 
formalism. 

a) water 


b) methanol 


с) ethanol 


(answer) 


Problem 5.5 
The alcohol 1-ргорапо! (CH3CH2CH20H) can be oxidized to yield either a carbonyl 


compound or a carboxylic acid, depending on the reaction conditions used. Draw 
structures for each of these possible products. 


(answer) 


Problem 5.6 


An important reaction in the biological degradation of sugars is the oxidation of lactic 
acid [CH4CH(OH)CO;H] by МАР“. The products of this reaction are NADH and pyruvic 
acid (СзН4Оз). Suggest a structure for pyruvic acid. 


(answer) 


Problem 5.7 


Write the mechanism for the reaction of methanol with HI using the curved arrow 
formalism. 


(answer) 


Problem 5.8 


Calculate the weight percentages of carbon, hydrogen, and oxygen in each of the 
following molecules: 


a) pentane 
b) 3,3-dimethylpentane 
с) 2-chloroethanol 


d) acetic acid 


(answer) 


Problem 5.9 


Find the molecular formulas for each of the following compounds. The only elements 
present are carbon, hydrogen, and possibly nitrogen and oxygen. 


a) C, 53.3096; H, 11.1896; no nitrogen; mol. weight ^ 90 g/mole 
b) C, 35.60%; H, 4.95%; N, 27.70%; mol. weight ~ 202g/mole 
C) C, 68.90%; H, 4.9296; no nitrogen; mol. weight ~244g/mole 


d) C, 46.38%; H, 5.9096; N, 27.01%; mol. weight ~155 g/mole 


(answer) 


Problem 5.10 
What is the empirical formula of a compound containing only carbon, hydrogen, and 


oxygen if 0.307 g of the compound produces 0.696 g of carbon dioxide and 0.286 g of 
water upon combustion analysis? 


(answer) 


Problem 5.11 


When 7.10 mg of a compound containing only carbon and hydrogen was burned in a 
combustion analysis, 2.96 mg of carbon dioxide and 7.43 mg of water were produced. 
The molecular weight of the compound was found to be 68.0 g/mole in an independent 
measurement. What is the molecular formula of the compound? 


(answer) 


Problem 5.12 
A protein for which the molecular weight has been determined to be approximately 


36,000 g/mole is know to contain 0.08646 phosphorus by weight. How many atoms of 
phosphorus are present in each molecule of the protein? 


(answer) 


Problem 5.13 


A metalloprotein has a molecular weight of approximately 64,000 g/mole and contains 
0.35% by weight of iron. How many atoms of iron are present in each molecule of this 
protein? 


(answer) 


Problem 5.14 
A substance containing only carbon, hydrogen, and oxygen is analyzed and found to 


contain 70.6096 C and 5.8896 H. A molecular weight analysis of the material indicates the 
molecular weight to be 136 g/mole. Calculate the molecular formula for the compound. 


(answer) 


Problem 5.15 


Monosodium glutamate (MSG) is the sodium salt of the amino acid glutamic acid. It is 
used extensively in cooking. MSG contains carbon, hydrogen, nitrogen, sodium, and 
oxygen. Elemental analysis gives the following weight percentages: C, 35.51%; H, 
4.77%; N, 8.23%; Na 13.6%. The molecular weight of MSG is determined to be 
approximately 169 g/mole. Determine its molecular formula. 


(answer) 


Problem 5.16 


Combustion analysis of 0.880 mg of a substance containing only carbon, hydrogen, and 
oxygen yields 1.760 mg of carbon dioxide and 0.720 mg of water. A separate 
determination shows its molecular weight to be approximately 88 g/mole. Calculate its 
molecular formula. 


(answer) 


Problem 5.17 


Explain why dimethyl ether (CH3OCH3) is a gas at room temperature while its isomer, 
ethanol, is a liquid at the same temperature. 


(answer) 


Problem 5.18 
Ethylene glycol (HOCH;CH?OH) has a much higher boiling temperature than butanol 


(CH3CH;,CH5CH5OBH) although they have approximately the same molecular weight. 
Explain this phenomenon. 


(answer) 


Problem 5.19 


tert-Butyl alcohol is the only one of the isomeric C4H100 alcohols to be fully miscible 
with water. Rationalize this explanation. 


(answer) 


Problem 5.20 


Which compound in each of the following pairs do you expect to be more soluble in 
water: 


a) ethanol or chloroethane 


b) ethanol or CH3CH2CH2CH2CH20H 


(answer) 


Problem 5.21 

Write equations for each of the following reactions: 
a) ethanol + sodium 

b) methanol + sodium amide 


с) ethanol + cold HBr 


(answer) 


Problem 5.22 


Give the conjugate acid for each of the following: 


a) hydroxide ion 
b) methoxide ion 
с) ethanol 


d) chloride ion 


(answer) 


Problem 5.23 


Give the conjugate base for each of the following: 


a) 
b) 
с) 
d) 


e) 


acetic acid 
HBr 

methanol 
hydronium ion 


methyloxonium ion 


(answer) 


Problem 5.24 


Use the curved arrow formalism to depict each of the following reactions: 


a) methanol with sulfuric acid 
b) bromide ion with methyloxonium ion 
с) amide ion with ethanol 


(answer) 


Problem 5.25 

Which of the following conversions is an oxidation and which is a reduction? 
a) acetic acid to acetaldehyde 

b) formic acid to carbon dioxide 

с) ethylene (Н›С=СН>) to ethane 

d) methane to methanol 


e) 2-propanol to acetone, (CH3)2C=O 


(answer) 


Problem 5.26 


In methanol the carbon atom has a formal oxidation number of -II. Methanol can be 
oxidized to an oxygen containing substance in which the oxidation number of the central 
carbon is IV. What is the structure of the compound? In another oxidation reaction 
methanol is oxidized to a different product, an oxygen-containing compound in which the 
central carbon atom has an oxidation number of zero. What is the structure of this 
product? 


(answer) 


Problem 5.27 


Propose a detailed two-step mechanism to account for the formation of 1-bromobutane 
when 1-butanol (CH3;CH»,CH»CH,OH) is heated with sodium bromide and sulfuric acid. 


(answer) 


Problem 5.28 


Cyanide ion is the conjugate base of hydrogen cyanide, HCN. Cyanide ion functions as a 
nucleophile in reaction with bromoethane, displacing bromide ion as the leaving group. A 
new carbon-carbon bond is formed in this reaction. 


a) Write Lewis structures for HCN and the cyanide ion. 
b) Show a curved-arrow representation of the reaction of cyanide ion with 
bromoethane. 


(answer) 


Problem 5.29 
Potassium ethoxide is the potassium alkoxide salt of ethanol. The ethoxide ion acts as a 


nucleophile toward iodoethane and displaces the iodide ion. Write a structure for the 
organic product of this reaction. 


(answer) 


Problem 5.30 


Assign a formal charge and an oxidation number to the oxygen of the hydronium ion. Is 
there any general relationship between formal charge and oxidation number? 


(answer) 


Problem 5.31 


On treatment with aqueous sulfuric acid, ethanol that has been isotopically labeled with 
180 undergoes an exchange of this isotope with the '°O of the aqueous solution as 
indicated in the equation shown below. 


H2 SO, 
CH,CH, ОН + H,O — ——- H," O + CH,;CH,'°OH 


Explain how this exchange can occur. 


(answer) 


Problem 5.32 
On addition of heavy water (D2O) to ordinary ethanol, CH3CH2OH, the ethanol is rapidly 


converted to CH;CH,OD. Explain how this conversion can occur (i.e., propose а 
mechanism). 


(answer) 


Problem 5.33 
When CH3CH20D (as produced by the reaction in Problem 5.32) is treated with sodium 


metal, a gas is formed. What is this gas? Write an equation for the reaction showing all 
the reactants and products. 


(answer) 


Problem 5.34 


For each pair of reagents, show the product(s) of the acid-base reaction between them. 


a) СН ОН + BF; > 

b) СН + НСЕСН — ——* 

c) СН,СН,ОН + LiC=CH — ——- 
d) CH,OH + НРО) ——— 


(answer) 


Problem 5.35 


A beginning organic chemistry student, attempting to prepare chloroethane from ethanol, 
accidentally used concentrated sulfuric acid rather than hydrochloric acid. On careful 
workup of the reaction the student found that diethyl ether was formed (but, of course, no 
chloroethane). Explain how the diethyl ether could be formed in this reaction writing a 
mechanism using the curved arrow formalism. 


(answer) 


Problem 5.36 

Using orbital pictures, show the approach of a bromide ion to a methyloxonium ion for 
the displacement of a water molecule. Show the positions of the atoms in space for the 
following three stages of reaction: 

a) as bromide begins to approach 

b) halfway through the displacement process 


с) as water is departing 


(answer) 


Problem 5.37 


Using your answer to Problem 5.36 as a foundation, show the same changes as they 
would occur with the ethyloxonium ion. Which would you expect to react faster with 
bromide ion, the methyloxonium ion or the ethyloxonium ion? Explain your answer. 


(answer) 


5.1-answer 


Calculation of the portion of the sample that is hydrogen shows us that we have 1.28 mg 
of hydrogen in the sample and 3.81 mg of carbon in the sample of total mass 10.16 mg. 
The remainder of the sample is assumed then to be oxygen, 5.07 mg. 


Dividing the actual masses of each of the elements by their atomic masses, we generate 
the ratios of the elements as: 


C 0.317 
H 1.270 
O 0:317 


Dividing each of these numbers by the smallest of them (0.317) leads to an empirical 
formula of CH4O. 


5.2-answer 


Calculation of the portion of the sample that is hydrogen shows us that we have 0.18 mg 
of hydrogen in the sample and 1.63 mg of carbon in the sample of total mass 4.00 mg. 
The remainder of the sample is assumed then to be oxygen, 2.19 mg. 


Dividing the actual masses of each of the elements by their atomic masses, we generate 
the ratios of the elements as: 


C 0.135 
H 0.178 
O 0.136 


Dividing each of these numbers by the smallest of them (0.317) leads to an empirical 
formula of C3H4O;. The weight for this empirical formula is 88. Since the observed 
molecular weight was 176 g/mole, the molecular formula is CeSHgOs. 


5.3-answer 


From the combustion data we calculate an empirical formula of C3HsO. The weight for 
this empirical formula is 60. Since the observed molecular weight was 60 g/mole, the 
molecular formula is also C3HsO. Since the molecule has no unsaturation or ring present 
(8 hydrogens with 3 carbons) it must be a saturated open-chain compound, and since it 
does not react with sodium metal it must not be an alcohol. This leaves us with the 
situation that the molecule is an ether, and the only ether possible with the molecular 
formula as determined is ethyl methyl ether (CH4CH;OCH.). 


5.4-answer 


a) “СН; + жүн — Н.С + ОН 


р 


b) "CH, + H-OCH; — —- ЮС + OCH, 


ди 


5.5-answer 


Dd 


propanal 


propanoic acid 


5.6-answer 
O 
OH 


O 


pyruvic acid 


5.7-answer 


Step 1 An acid-base reaction occurs in which HI protonates the oxygen of the methanol 
to form an oxonium ion. 


Step 2 The iodide ion displaces a molecule of water from the oxonium ion. The product 
bromomethane is thus formed. 


e (+ i 


а ба — im d 
H 


5.8-answer 


a) С - 83.24% 
Н- 16.76% 
(no oxygen) 


b) С - 83.90% 
Н- 16.10% 
(no oxygen) 


с) С - 29.84% 
H - 6.26% 
O - 19.87% 


d) С - 40.00% 
H - 6.71% 
O - 53.28% 
(lack of total being 100% is the result of standard rounding procedures) 


5.9-answer 

a) СНО: 

b) С<Н10Х4О4 
с) С14Н12О4 


d) сн, 


5.10-answer 


C3H6O 


5.11-answer 


СН 


5.12-answer 


One 


5.13-answer 


Four 


5.14-answer 


С НО» 


5.15-answer 


CsHgsNO.4Na 


5.16-answer 


C3H603 


5.17-answer 


Ethanol molecules are capable of undergoing extensive hydrogen bonding among 
themselves, effectively making it more difficult for the molecules to enter the vapor 
phase. The stabilizing energies associated with the hydrogen bonds must be broken, 
requiring more energy and higher temperatures, than is required with dimethyl ether. 


With dimethyl ether, although the oxygen atoms are capable of serving as electron pair 
donors for hydrogen bonding, there exist no hydrogens attached to electronegative atoms 
and thus capable of interacting with these electron pairs. No hydrogen bonding exists in 
pure dimethyl ether. 


5.18-answer 


While butanol molecules are capable of participating in hydrogen bonding among 
themselves, a significant portion of their volume is composed of non-polar hydrocarbon 
portion. For their given molecular weight, the extent of hydrogen bonding is significantly 
less than that for a lower molecular weight alcohol, such as ethanol. 


However, with ethylene glycol, hydrogen bonding is possible involving two 
functionalities (hydroxyl groups) within approximately the same volume as the butanol 
molecule. This much more extensive capacity for hydrogen bonding institutes a much 
higher requirement for energy to separate individual molecules and move them into the 
vapor phase, as evidenced by an increased boiling temperature. 


5.19-answer 


tert-Butyl alcohol is the most nearly spherical in shape of the isomeric САН 100 alcohols. 
Thereby, it has the smallest surface area of those species, all of which have the same 
volume. This minimal surface area provides the least disruption of the normal hydrogen 
bonding that occurs in water while still having an available hydroxyl group for its own 
hydrogen bonding with the water. 


5.20-answer 


a) ethanol - chloroethane is not able to interact with the water using hydrogen 
bonding in the way ethanol can 


b) ethanol - while pentanol can interact with water through hydrogen bonding, the 
relatively large hydrocarbon portion disrupts to a much greater extent the normal 
hydrogen bonding interactions among water molecules and thereby lowers its solubility 


5.21-answer 


a) CH,CH,OH + а -----” Ха" ОСН,СВ + 1/2Ң, 
b) CHOH + ММН, — ———*  Na*'OCH, + МН, 


+ 
© CH,CH,OH + HBr CH,CH,OH, + Br 


5.22-answer 


a) H20 
b) CHOH 
c) ethyloxonium ion 


d) hydrogen chloride (HCI) 


5.23-answer 


a) 
b) 
с) 
d) 


е) 


acetate anion 


bromide ion 


methoxide ion 


water 


methanol 


5.24-answer 


> 7 - 
a) CH,0H + Н-О5О;Н > CHOH, + OSO3H 
ee + 


mis 
c) МН» + H-OCH 2CH3 


> :NH; + :OCH2CH; 


5.25-answer 


a) 
b) 
с) 
4) 


е) 


reduction 


oxidation 


reduction 


oxidation 


oxidation 


5.26-answer 


The product with an oxidation number for carbon of IV is carbon dioxide. For the product 
with an oxidation number of zero, the compound is methanal (formaldehyde, Н›С=О). 


5.27 -answer 


АМ SOM H—O0SO;H а OH, + 050;Н 


5.28-answer 
H—C=N: 


hydrogen cyanide 


чү 


пе. 


:СЕМ: 


cyanide ion 


5.29-answer 


CH3CH20CH3 


5.30-answer 


The oxidation number of oxygen in the hydronium ion is -II. The sum of the oxidation 
numbers for all of the atoms in a species needs to equal the net charge on that species. 


5.31-answer 


The sulfuric acid protonates the isotopically labeled ethanol generating the isotopically 
labeled ethyloxonium ion. This resultant isotopically labeled ethyloxonium ion undergoes 
nucleophilic attack by ordinary water, which displaces isotopically labeled water into the 
solution. The now “ordinary” ethyloxonium ion can lose a proton to either another 
molecule of ethanol or a bisulfate anion leaving “ordinary” ethanol. 


5.32-answer 


Within D20 there exists the equilibrium: 


D,O +D,0  — 250% + 00 
which allows the following equilibrium to be established: 


+ 
оо" + СНСЊОН  ————- D,0 + DHOCH,CH, 


Further, the resultant deuterated ethyloxonium ion can lose a protium as follows: 


+ 


DHOCH, CH, + D,O DOCH,CH, + D,HO* 


leaving the deuterated ethanol. 


5.33-answer 


The gas is D2, produced as follows: 


DOCH;,CH; + Na ^ * NaOCH,;CH; + 1/2 D2 


5.34-answer 


H 
a) H,C—O + 
. BF, 
b) CH, + LiC=CH 
e HC=CH + CH,CH,O *Li 


d) * : 
CH,OH, + H,PO, 


5.35-answer 


+ - 
CH,CH,OH + H,SO, > СН;СН,ОН, + HSO, 
ji 
.. + .. 
CH,CH,OH + CH,CH,OH, ——» CH;CH,-0: * + НО 
S i сн,сн; 
а % + 


CH,CH; 


5.36-answer 


"n other unshared electron 
a) pairs on bromide ion not shown 
filled 4p 
orbital empty o* 
orbital 
electron pair from bromide 
b) ion spread throughout the 
interacting orbital system 
c) other unshared electron 


pairs on bromide ion not shown; 
additional unshared electron pair 
on oxygen comes from filled 

c orbital of original C-O bond 


filled c orbital nonbonding 
sp? orbital on 
oxygen 


5.37-answer 


"n other unshared electron 
a) pairs on bromide ion not shown 
filled 4p 
orbital empty o* 
orbital 
electron pair from bromide 
b) ion spread throughout the 
interacting orbital system 
c) other unshared electron 


pairs on bromide ion not shown; 
additional unshared electron pair 
on oxygen comes from filled 

c orbital of original C-O bond 


filled c orbital nonbonding 
sp? orbital on 
oxygen 


We would expect the methyloxonium ion to react faster than the ethyloxonium ion. The 
methyl group, attached to the carbon at which displacement is occurring with the 
ethyloxonium ion, is bulkier than a hydrogen atom and can interfere with the approach of 
the negatively charged bromide to that center. 


6.1 INTRODUCTION 


In this chapter we examine the alcohol family of compounds in more detail. For now we will 
focus on compounds in which a hydroxyl group is the only functional group present. Later in 
our studies we will encounter more complex (and interesting) molecules in which the hydroxyl 
group will be only one of several functional groups present. For example, allyl alcohol (6.1) and 
cholesterol (6.2) both contain a carbon-carbon double bond (an alkene functional group) in addi- 
tion to the hydroxyl group. 

These compounds are still alcohols, but they also exhibit chemistry characteristic of alkenes, 
as you might expect, since they both contain a carbon-to-carbon double bond. The presence of 
additional functional groups may sometimes modify the chemistry observed for the hydroxyl 
group of a compound (depending on its location relative to the hydroxyl group), and definitely 
add additional routes for chemical reaction owing to their own nature. We can generally, 
however, recognize those reactions that are typical of simple alcohols. 


allyl alcohol CH, CH— СН›СН›СН›СН(СН:)› 
6.1 
СН» 
НО 
cholesterol 
6.2 
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6.2 THE CLASSIFICATION OF SUBSTANCES 
CONTAINING A HYDROXYL GROUP 


Not all substances containing the -ОН linkage are considered as alcohols. For a substance to be 
classified as an alcohol its hydroxyl group must be attached directly to an sp? hybridized carbon 
atom. Compounds that have a hydroxyl group attached to an atom other than carbon, such as 
dimethylhydroxylamine (6.3), or to a carbon atom that is not sp? hybridized are not classified as 
alcohols. For example, neither phenol (6.4) nor acetic acid (6.5) is classified as an alcohol since 
in both instances the hydroxyl group is attached to a carbon atom that is sp? hybridized. The sub- 
stances 6.3—6.5 do exhibit some properties that are reminiscent of those of alcohols, but they 
have significant differences such that they are not included in the alcohol family. 

Alcohols are classified as primary, secondary, or tertiary (1?, 2?, or 3?) depending on the 
nature of the sp? carbon atom to which the hydroxyl group is attached, as shown in Figure 6.1. 


НЗС ТШ | 
— H 
А on = м нс С~он 
H3C | | acetic acid 
А : C C (ethanoic acid) 
dimethylhydroxylamine Жж 
6.3 H^ ^ c^ “н бз 
н 
phenol 
6.4 
17 alcohols 2° alcohols 3° alcohols 
H H n 
| | 
R—C—OH в Е аа. 
| 
H R' R' 
и Д се 
H,C-C—0H M =н жй Кн 
ü СН; СН; 
ethanol 2-propanol 2-methyl-2-propanol 


Figure 6.1 Classification of alcohols by point of attachment of the hydroxyl group. 
A compound with a hydroxyl group attached to a primary carbon atom is a 
primary alcohol (1? alcohol). If attached to a secondary carbon atom it is a 
secondary alcohol (2? alcohol) or to a tertiary carbon atom it is a tertiary 
alcohol (3? alcohol). In the structures shown, R represents an alkyl group, and 
examples are shown of each. 
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6.3 NOMENCLATURE FOR ALCOHOLS 


We introduced the IUPAC system of nomenclature for organic compounds in Chapter 2. We will 
now see how we can use this method for the systematic naming of alcohols. 

The longest continuous carbon chain to which the hydroxyl group is attached provides the root 
name for the alcohol. However, the alkane ending is changed by dropping the —e and adding —ol. 
The position of the hydroxyl group is indicated by a numerical prefix, and we number the carbon 
atoms of that chain beginning at the end closest to the hydroxyl group. If the hydroxyl group is at 
the midpoint of the chain, we number it to provide the smaller of the possible sets of numbers for 
the other substituents. Several examples are shown in Figure 6.2. 

Other naming systems are also used for alcohols. One popular method (the radicofunctional 
method) is to name the alkyl group to which the hydroxyl group is attached and to follow this 
name with the word alcohol. Generally this system is used only for alcohols containing rela- 
tively simple alkyl groups. Several examples are shown in Figure 6.3. Alcohols are sometimes 
named as carbinols. The carbon atom to which the hydroxyl group is attached is known as 
the carbinol carbon atom, and all attached alkyl groups are specified. For example, 
(CH3;CH2)2CHOH is diethyl carbinol, and fert-pentyl alcohol (Figure 6.3) is named ethyl- 
dimethyl carbinol. 


OH 
2-pentanol 4-methyl-2-pentanol 2-methyl-3-pentanol 
(not 4-methyl-3-pentanol) 
OH 
ваза 
3-methyl-2-pentanol 3-ethyl-5-methyl-4-octanol 


(not 6-ethyl-4-methyl-5-octanol) 


OH OH 
cyclohexanol cyclohexanemethanol 
(cyclohexylmethanol) 


Ғісиве 6.2 IUPAC nomenclature for alcohols. 


144 ORGANIC CHEMISTRY 


CHOH CH45CH;CH;CH;OH (СН;) СНОН 
methyl alcohol n-butyl alcohol isopropyl alcohol 
(CH3)3;COH (CH3),CHCH,OH CH;CH, — с — СН; 
OH 
tert-butyl alcohol isobutyl alcohol sec-butyl alcohol 
OH 

tert-pentyl alcohol isopentyl alcohol 
(tert-amyl alcohol) (isoamyl alcohol) 


Figure 6.3 Radicofunctional method for simple alcohols. 


6.4 PHVSICAL PROPERTIES OF TH€ ALCOHOLS 


INTRODUCTION 


Selected physical properties for a series of alcohols are shown in Table 6.1. Alcohols are listed 
according to their number of carbon atoms, with subsections based on their classification 
according to substitution. 


BOILING TEMPERATURES 


The boiling temperatures of the straight-chain primary alcohols increase in a steady manner with 
increasing molecular weight, as illustrated in Figure 6.4. Each of these alcohols is the highest- 
boiling member of the group containing that number of carbon atoms. 

The boiling temperature decreases with branching from the straight-chain structure. For 
example, 2-methyl-2-butanol (a five-carbon alcohol) is not only lower boiling than 1-pentanol, 
but it is also lower boiling than either 1-butanol or 2-methyl-1-propanol, both of which are four- 
carbon alcohols. 

The boiling temperature of a substance depends on the magnitude of its intermolecular inter- 
actions. With increased branching of the carbon skeleton, the surface area of the alcohol 
decreases (see Chapter 3) and the molecule becomes more nearly spherical. A decrease in the 
van der Waals forces results from the decrease in the surface area. This explanation correlates 
with the lower boiling temperatures found for the more highly branched alcohols. 

The ability of alcohols to form hydrogen bonds has a significant effect on their physical 
characteristics (see Chapter 3). The relatively high boiling temperatures of alcohols compared 
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ТАВІЕ 6.1 Selected Physical Properties of Alcohols. Alcohols are listed according to 


their number of carbon atoms, with substituents based on their classification 
according to substitution. 


Name Melting Boiling Density Water Solubility 
Temperature (°С) Temperature (^C) (g/mL) 20°C (g/100 mL) 20°C 

Cos 

methanol =) 65.15 0.7914 miscible 
С; 12 

ethanol 1177.3) 70.5 0.7093 miscible 
ЕИ 

1-ргорапо! 26.5 97.4 0.8035 miscible 
С 

2-propanol = 9 82.4 0.7055 miscible 
eil 

]-butanol =60.5 TUA 0.8090 8.0 

2-methyl-1-propanol —100 108 0.8018 10.0 
Qus 

2-butanol -114 905 0.8063 12,5 
Ces: 

2-methyl-2-propanol 255 82.3 0.7887 miscible 
(55217 

1-pentanol = 19% IBS 0.8144 22 

2-methyl-1-butanol — 127 0.8152 -- 

2.2-dimethyl-1-propanol 52 115; 0.812 miscible 
С. 2° 

2-pentanol -- 110.9 0.8183 4.9 

3-pentanol — 116.1 0.8212 5.6 
@ 

2-methyl-2-butanol —0.4 102 0.8059 miscible 
Cal: 

1-hexanol —46.6 158 0.8136 0.7 
Се 

2-hexanol -- 140 0.8178 -- 
Са o” 

3-methyl-3-pentanol = 2546) 122.4 0.8286 — 
Су, 1° 

1-һерїапо1 —34 176 0.822 0.2 
Cs 

1-octanol =15 195 0.825 0.05 
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220 
200 
180 
160 
140 
120 
100 
80 
60 
40 
20 


Boiling temperature (°C) 


1 2 3 4 5 6 7 8 


Carbon number 


FicuRE 6.4 Variation of boiling temperature of straight-chain terminal alcohols with 
number of carbon atoms. There is a steady increase of boiling temperature 
with increasing number of carbon atoms. 


to alkanes of similar molecular weight reflect the influence of hydrogen bonding and polarity. 
For example, the boiling temperatures of pentane and 1-fluorobutane (36.2°C and 31.95°C, 
respectively) are far lower than that of 1-butanol (117?C) in spite of their similar molecular 
weights. 


6.5 ACIDITV OF ALCOHOLS 


INTRODUCTION 


Alcohols can act as Brønsted acids, as we described in Chapter 5. The relative acidities of alcohols 
are found by comparing their equilibrium constants, K,, for reaction with water (Figure 6.5). For 
simple alcohols the value of K, is generally between 10-5? and 1079. Accordingly, alcohols are rel- 
atively weak acids compared to ordinary mineral acids, or even water. Values of pK, for several 
alcohols and other substances are listed in Table 6.2. Alcohols are much less acidic (by a factor of 
107-1019) than even weak inorganic acids such as HF (pK, = 3.5) and weak organic acids such as 
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во: + H30:* 
K, = [RO ИНЗО"ИКОН| 


Figure 6.5 Determination of the relative acidity of alcohols. The larger the value of Ka for 
an alcohol, the greater its acidity. 


ТавіЕ 6.2 Approximate pk, Values for Alcohols and Others Acids. 


Compound pK; 
perchloric acid ІНСІО,| —10 
hydrogen chloride [HCI] == 
hydrogen fluoride [HF] 35 
formic acid [HCOOH] 37 
carbonic acid [H,CO3] 3.9 
acetic acid [CH;COOH] 4.8 
hydrogen sulfide [H5S] 7 
ammonium chloride [NH,Cl] 9.2 
phenol [CsH;OH] 9.9 
2-chloroethanol | ССН.СН.ОН| 14.3 
methanol [H20] 15,5 
water ЊОЈ 1557 
ethanol [CH;CH,OH] 16.0 
2-propanol [СНзСН(ОН)СН:] 17 
2-methyl-2-propanol [(СНз):СОН] 18 
acetylene [HCCH] 25 
ammonia [NH;] 34 
ethane [CH3CH;] 42 


acetic acid (pK, — 4.8). For example, while aqueous solutions of acetic acid give an acidic reac- 
tion with ordinary acid-base indicators such as litmus, alcohols do not. 

Variations in the acidities of alcohols demonstrate how different factors determine reactivity. 
Measurement of the acidities of simple alcohols in solution yield the general order of acidities: 


primary > secondary > tertiary 


We will now digress to examine, in a general way, the important factors that influence acid- 
ity of alcohols (and other materials). 
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FACTORS INFLUENCING ACIDITY 


The differing acidities of substances such as alcohols arise from the interplay of several important 
factors. We will now analyze some of the issues in terms of a generalized substance, HX, which 
behaves as an acid as shown in Equation 6.1. 


НХ, а + НО | ———- НО + Х ад (Eq. 6.1) 
First, as we noted above, the relative strengths of acids are measured by their K, or pK, 
values, where K, is the equilibrium constant for the reaction shown in Equation 6.1. Since K, is 


an equilibrium constant, it can be related to the thermodynamic property AG? by Equation 6.2. 
ДС” = 22.303 RT log K, (Eq. 6.2) 


Here, AG? is the difference between the free energy of the products and reactants in 
Equation 6.1. In turn, AG? is related (at constant temperature) to changes in enthalpy, АН°, and 
entropy, AS°, as shown in Equation 6.3. 


AG'-AH'-TAS' (Eq. 6.3) 


We see that the acid strength of a compound will in general be influenced by both enthalpy 
and entropy changes, since both types of changes influence the value of АС?. Enthalpy changes 
relate to the strengths of bonds broken and formed in a reaction, while entropy changes relate 
to the extent to which the system becomes more or less disordered as the reaction proceeds 
from reactants to products. For a generalized acid, HX, we need to consider the following 
important factors: 


1. the enthalpy and entropy changes accompanying the breaking of the H-X bond to form 
H* and X- ions. 


2. the enthalpy and entropy changes accompanying the solvation of the H* and X- ions, as 
well as those for the parent acid. 


3. the stabilization (or lack thereof) of the negative charge within the X- ion. 


It is particularly important to realize that we need to focus not only on the breaking of the 
H-X bond of the acid HX, but also on the role of the solvent (water) in the reaction. Each reac- 
tant and product in Equation 6.1 is solvated to some degree by the aqueous solvent. By 
solvation we mean the clustering of solvent molecules around a molecule or ion. Solvation 
occurs because there are attractive forces (bonds) between any molecule or ion and the sur- 
rounding solvent molecules. The nature of these attractive forces significantly affects the 
acidity of HX in water. 

Solvation is of major importance in many types of reactions, including acid-base reactions. 
Let's consider an example. We know from experimental measurements that hydrogen chloride 
is a strong acid. On a simplistic level, we sometimes think of the acid behavior of НСІ as 
involving the splitting of НСІ molecules into H+ and СГ ions. However, we can easily realize 
that this is not a fully realistic view since considerable energy is needed to break heterolytically 
the Н-СІ bond of hydrogen chloride. If this breaking of the Н-СІ bond were the only process 
of importance in the behavior of НСІ as an acid, we would expect НСІ to be a very weak acid 
since so much energy is required to cleave this bond heterolytically and separate oppositely 
charged ions. 
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In fact, solvation is of overriding importance. The H+ and СГ ions produced by the bond dis- 
sociation are much more strongly solvated (and hence stabilized) than are the parent HCl 
molecules. The greater solvation of the ions is a result of their charges. Because they are 
charged, the ions interact much more strongly with the polar water (solvent) molecules than does 
the uncharged (albeit polar) НСІ parent molecule. For each solvent-ion interaction that occurs, 
energy is released (AH is negative) and supports a favorable (negative) AG for the reaction. In 
fact, the energy released by the interactions of the Н+ cations and the СГ anions with water 
molecules is sufficiently great to offset the unfavorable energy situation associated with the het- 
erolytic Н-СІ bond cleavage. 

We observe experimentally that a considerable amount of heat is evolved when НСІ 
dissolves in water. This observation is related to the increase in solvation accompanying the dis- 
sociation of НСІ into Н+ and СГ ions in aqueous solution, and it correlates with the stabilization 
associated with the solvation of the product ions. As always, energy is liberated (AG 1s negative) 
when we go from less stable reactants (here, HCl gas and liquid water) to more stable products 
(here, solvated protons and chloride ions) as shown in Equation 6.4. 


HCl) + H20% == m НЗО" (aq) + СГ (aq) t heat (Eq. 6.4) 

Recall, however, that both enthalpic and entropic factors contribute to AG? and thus to Ка. 
Entropy refers to the degree of randomness in a system. When ions are solvated, there may be an 
ordering of the system—a decrease in entropy. In such instances the more solvation that occurs 
the greater is the decrease in entropy (i.e., AS is a negative number). Note that AS being negative 
results in AG being more positive and thereby less favorable for reaction to occur. However, 
entropic effects are usually (but not always) small compared to enthalpic effects and in general 
only partially offset the acid-strengthening effect associated with the enthalpy of solvation. 

Nevertheless, because many enthalpic and entropic terms need to be considered in an acid- 
base equilibrium, comparisons among acids are complicated . Differences in all of these terms 
must be considered. At times one factor dominates the others and may be cited as the major 
explanation for a trend. For example, HF, with a K, of only about 3.5 x 10-4, is a considerably 
weaker acid than is HCl, a strong acid in water. The major contributing factor is the greater 
amount of energy needed to break heterolytically the relatively strong H-F bond (about 
136 kcal/mole or 569 kJ/mole) compared with the weaker Н-СІ bond (about 103 kcal/mole or 
432 kJ/mole). The extra 33 kcal/mole is reflected in a lowered tendency for HF to dissociate into 
ions and hence a lowered К,. 

When alcohols act as acids, the bond undergoing cleavage is the oxygen-hydrogen bond. As 
is shown in Table 6.2 there is a significant variation in alcohol acidity with substitution about the 
carbinol carbon atom (the one to which the -OH group is attached). We now need to probe more 
deeply to understand why there is such a sizable variation. 

Consider an alcohol behaving as an acid, that is, as a proton donor, in the absence of a solvent. 
(That is, consider the reaction as occurring in the gas phase in which there are no solvent effects. 
This is a rather esoteric consideration as organic chemists rarely work with alcohols as acids in 
the gas phase. However, it is useful to consider this as an exercise for understanding bonding con- 
cepts.) From experimental measurements we find that all alcohols are much weaker acids in the 
gas phase than they are in solution. This observation tells us that solvation must have a very 
important influence on observed alcohol acidities in solution. We also find that the order of acidi- 
ties is actually reversed in the gas phase from those in solution, as noted in Figure 6.6. 

Why do alcohols have this particular order of acidities in the gas phase? Since there is no 
solvation involved and the cation is the same in each instance, we can infer that this order of 
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Decreasing acid strength 
gas phase 3° >2°>1° > СНОН 


solution СНЗОН > 1° > 2° >3° 


Figure 6.6 Order of acidities of alcohols т the gas phase and in solution. 


acidities reflects the intrinsic stabilities of the alkoxide ions, RO-. (An increased stability of the 
product alkoxide ion favors its formation.) We conclude that the tertiary alkoxide ion has greater 
intrinsic stabilization than the others. This stabilization 1s provided by the additional alkyl 
groups bonded to the carbon atom bearing the hydroxyl group. While there are several factors 
involved in the consideration of such acidities in the absence of solvation, the dominant one 
appears to be the greater polarizability of an alkyl group as compared to having a hydrogen 
atom bound to the carbinol carbon atom, and thus a greater ability to accommodate the negative 
charge from the oxygen. (Polarizability refers to an ability of a set of electrons to be distorted 
under the influence of a charge. In general, larger orbitals are more polarizable than are smaller 
orbitals. The orbital for a C-C bond is larger than that for a C-H bond, although both are 
occupied by a pair of electrons.) 

When the ion is placed in solution, this polarizability is overwhelmed by solvation effects. 
The alkyl groups about the alkoxide center have two effects on the solvation of the anion by 
water. First, their size disturbs the normal hydrogen-bonding associations within the water itself. 
Water can not hydrogen-bond with the alkyl groups—we say that the alkyl groups are 
hydrophobic. (Hydrophobic, is an unfortunate term for this phenomenon—the alkyl groups are 
not afraid of water. It is simply that the alkyl groups lack the capability of strong interactions 
with water molecules as water molecules can with each other.) Conversely, we say that materi- 
als that have a stabilizing interaction with water are hydrophilic (see Figure 5.3). Second, these 
hydrophobic portions of the molecule (alcohol) are close to the alkoxide center and prevent the 
approach of water molecules that could interact with the alkoxide site. This steric effect is 
related to destabilization by steric strain, as discussed in Chapter 4. 

The role of solvation is of great importance in many areas of organic chemistry, and we will 
encounter other examples as we proceed with our discussions. 

We can predict that the introduction of any substituent that provides internal stabilization to 
an alkoxide ion will tend to increase the acid strength of the parent alcohol. One way of achiev- 
ing internal stabilization is to introduce electronegative atoms near to the hydroxyl group. The 
electronegative halogen in 2-chloroethanol (6.6) provides a way for the negative charge of the 
alkoxide ion to be dispersed. 

As we first noted in Chapter 1, dispersal of charge stabilizes ions. The more the charge can 
be dispersed, the more stable the ion. The equilibrium dissociation of the alcohol in solution then 
proceeds farther to the alkoxide side. In accord with our predictions, we find the 2-chloroethanol 
has an acid strength (pK, = 14.3) that is greater than that of ethanol itself (pK, = 16.0). The 
presence of three nearby halogen atoms, as in 2,2,2-trifluoroethanol (CF3CH5OH), further 
accentuates the effect. The pK, of this compound is approximately 12.4. 

The halogen atoms in the anions of 2-chloroethanol and 2,2,2-trifluoroethanol are said to 
exert an inductive effect. This term refers to the ability of an atom to polarize a bond by virtue 
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of its electronegativity. Halogens and other electronegative atoms are said to exert an electron- 
withdrawing inductive effect. Thus, the negative charge of the alkoxide ions is partially 
delocalized because of the presence of the halogen atoms. As usual, this charge delocalization 
correlates with an increased stability. 

If a substituent is electropositive, its inductive effect will be electron donating. Such sub- 
stituents stabilize positively charged entities, but destabilize negatively charged ones. 

A final word is in order. Changing from one substituent to another affects more than the 
inherent stability of the anion. Such a change also affects the enthalpy and entropy of solvation 
of the species involved in the acid-base equilibrium. Thus, any change in acidity caused by a 
substituent reflects all of those changes. In fact, in some instances enhancements of acidity 
accompanying substitution changes have been discovered to depend more on the difference in 
solvation entropy effects than on the improved stability of conjugate ions (see discussion of 
relative acidities of substituted carboxylic acids in Chapter 21.) 


6.6 ALCOHOLS AS BASES 


Alcohols have two unshared pairs of electrons on the oxygen atom of the hydroxyl group. These 
electrons give alcohols the potential to act as Lewis bases. This potential is realized in many of 
the reactions of alcohols. When one of these unshared electron pairs binds to a proton, the 
alcohol is acting as a Brgnsted base. This reaction occurs when a strong acid, such as sulfuric 
acid, is added to the alcohol, as shown in Equation 6.5. 


R—Ó-—H + Н,504 =y в_0- + +HSO, 
H (Eq. 6.5) 


The curved-arrow formalism can be used to represent the electron-pair shifts involved in this 
reaction, as shown in Equation 6.6. This reaction is entirely analogous to the reaction of water 
with sulfuric acid, as shown in Equation 6.7. 


ч Н _ ч 
вон + н.-0-8-0-н ——- 8-62 + 20-8-0-н 
:0: :0: 
(Eq. 6.6) 
ж 
R-O-H + Но --- к-0, + HSO, 
H (Eq. 6.7) 


Frequently, however, an unshared electron pair binds to something other than a proton. In 
Chapter 5 we introduced the term nucleophile for a Lewis base that donates an electron pair to 
an atom other than hydrogen. As we previously saw in the reactions of oxonium ions with halide 
ions, a nucleophilic substitution reaction is one in which a group is displaced from the acceptor 
atom by the attacking Lewis base. Another example of a nucleophilic substitution reaction is that 


152 ORGANIC CHEMISTRY 


of an alcohol with phosphorus trichloride, as shown in Equation 6.8. Phosphorus trichloride acts 
as a Lewis acid in this reaction. It accepts an unshared electron pair from the alcohol molecule. 
An oxygen-phosphorus bond is formed as a result. At the same time, a chloride ion is displaced 
from the phosphorus atom. It leaves with the electron pair from the (now broken) phosphorus- 
chlorine bond. 


СІ H (Eq. 6.8) 


The cation formed in the reaction shown in Equation 6.8 is labile and undergoes further reac- 
tion. We shall see its fate and learn the final product of the reaction in the next section. Stay tuned! 


6.7 HALOALKANES FROM ALCOHOLS 


The haloalkanes (alkyl halides) are a very important group of compounds. They are represented 
by the general formula R-X, where R is an alkyl group and X is a halogen. We can prepare 
haloalkanes from several other classes of organic compounds. In Chapter 5 we saw one method 
for preparing haloalkanes by treating methanol or ethanol with a hydrogen halide. (We also saw 
in Chapter 4 that reactions of alkanes with halogens can produce haloalkanes.) Another partic- 
ularly convenient method is the reaction of an alcohol with an appropriate inorganic halide. The 
inorganic halides we use for this purpose are acid halide derivatives of inorganic acids. 

Structures for some commonly used acid halides are shown in Figure 6.7 with their parent 
oxyacids. The acid halides differ from their parent oxyacids in that they have halogen atoms in 
place of hydroxyl groups. Consider the mechanism of the reaction of ethanol with phosphorus 
trichloride (the acid chloride derivative of phosphorous acid -НЗРОЗ). 


à ч P 
Acid halide РСІ; О--5 O—P—Cl о-с 
\ \ \ 

a CI a 
phosphorus thionyl phosphorus phosgene 
trichloride chloride oxychloride 

Parent oxyacid P(OH); H,SO, Н;РО, H5CO; 
phosphorous sulfurous phosphoric carbonic 
acid acid acid acid 


FicuRE 6.7 Oxyacids and their acid halide derivatives. The acid halides are useful in the 
conversion of alcohols to haloalkanes. 
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Mechanism of the Reaction of Phosphorus 
Trichloride with Ethanol 


Overall: 
CH;CH,OH + PCI -----> CH;CH,Cl+(HO)PCI, 


Step 1 The alcohol acts as a nucleophile, and chloride ion is displaced from the phosphorus atom. 


Cl PCI 
" и м +/ 7? 


CH3CH, E : TU -----» СВ СВ, E : + Се“ 
H Cl H 
Step 2 The products, the СНӘСН;О(НУРСІ;" and СГ ions, then react with each other by way of 
a second nucleophilic attack. This time chloride ion behaves as the nucleophile and 
attacks a carbon atom. In this step the leaving group is НОРСЬ, and а carbon-oxygen 
bond is broken. An oxygen bearing a positive charge has been displaced from carbon by 


the nucleophile. This step is completely analogous to the displacement of water from a 
protonated alcohol (an oxonium ion) by a halide ion. 


:Cl: 
) PCl, 
+ 


CH4CH;—O0—H — :CI— CH; CH3 + :О: 


\ 
РСІ, H 


In general, this reaction produces good yields of haloalkanes from alcohols. Another example 
is the preparation of 1-bromobutane, as shown in Equation 6.9. Other inorganic acid halides can 
also be used. We will return to consider the synthetic utility of this reaction in more detail later. 

25° 
3 CH3CH,CH,CH,0H + PBr3 —- CH34CH;CH;CH5Br + (HO)3P 


1-butanol 1-bromobutane 

81% yield (Eq. 6.9) 

A nucleophilic displacement reaction will occur only if the available reagents meet certain 
criteria. These criteria can be subdivided into requirements for the nucleophile and requirements 
for the reagent attacked by the nucleophile, often referred to as a substrate in the reaction. An 
analysis of all of the factors involved is not simple, since different factors may work in opposite 
directions. We will delve more deeply into the many aspects of nucleophilic displacements later. 
For the present we can employ a most useful correlation between the basicity of a leaving group 
and its ability to be displaced: leaving group ability correlates inversely with the basicity of the 
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group displaced. The weaker the group displaced can serve as a base, the more readily it can serve 
as a leaving group. For example, we find that fluoride ion is a relatively potent base (its conjugate 
acid, HF, is a relatively weak acid) and fluoride ion is a poor leaving group. Continuing with this 
concept, another halide ion, iodide ion, is a good leaving group—it is readily displaced. Iodide 
ion is a relatively poor base, as its conjugate acid, HI, is a strong acid. 

In the conversion of alcohols to haloalkanes using phosphorus halides, both steps of the 
reaction mechanism illustrate this general correlation. The leaving groups СГ and НОРСІ, both 
have very strong conjugate acids [HCl and (H,OPCI,)+ respectively]. 

Only a one-third molar amount of phosphorus trihalide is theoretically required to convert 
alcohols to haloalkanes, because each of the three halogens present can convert an alcohol to a 
haloalkane, as illustrated again in Equation 6.10. In practice, to ensure that all of the alcohol is 
converted to haloalkane, a slight excess of the phosphorus trihalide is used. 


25° 
3 CH3CH,CH,CH,0H + PBr3 — CH3CH;CH;CH5Br Tt (HO)3P 


1-butanol 1-bromobutane 
81% yield (Eq. 6.10) 


This reaction is performed by the careful direct addition of the phosphorus trihalide to a 
liquid alcohol. If the alcohol is a solid, an inert solvent (an alkane or an ether) is used. The 
reaction provides an efficient preparation of chloroalkanes from primary, secondary, or tertiary 
alcohols (using phosphorus trichloride). It also serves to prepare bromoalkanes cleanly from 
primary alcohols (using phosphorus tribromide). It works less well for converting secondary or 
tertiary alcohols to bromoalkanes. 

Other inorganic acid chlorides (see Figure 6.7) can also be used to prepare chloroalkanes 
from alcohols. These reactions are analogous to the reaction using phosphorus trichloride. 


6.8 €STERS FROM ALCOHOLS 


Acid chlorides are said to be derivatives of their parent acids—they differ from the acids by 
having a chlorine atom in place of a hydroxyl group. Another type of derivative of an acid is of 
great significance throughout organic and biological chemistry: the ester. In esters, one or more 
hydroxyl groups of the oxyacid have been replaced by alkoxy groups. Some examples of esters 
are shown in Figure 6.8. 

Esters of phosphoric acid are known as phosphate esters. They are central to the chemistry of bio- 
logical systems. One route for the laboratory preparation of phosphate esters involves the reaction of 
alcohols with the acid chloride of phosphoric acid, the same reagent we just used for the preparation 
of a chloroalkane. However, different reaction conditions (low temperature) are required to prepare 
the phosphate ester. The reaction of 1-butanol with phosphorus oxychloride to form tri-1-butyl phos- 
phate is shown in Equation 6.11. This reaction works well for the formation of phosphate esters using 
primary or secondary alcohols. Primary alcohols react faster than do secondary alcohols. Tertiary 
alcohols also react, but complications prevent the facile isolation of phosphate ester products. 


3 СНҘСН;СН;СН;ОН + O=PCl, ———~ (CH3CH,CH,CH,0)3P=0 + ЗНС 
1-butanol tributyl phosphate 


85% yield 
(Eq. 6.11) 
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|“ OCH; єн, 
/ 
Ester :P(OCH3)3 i M O=F—OCH3 9—6 
OCH; OCH; OCH; 
trimethyl dimethyl trimethyl methyl 
phosphite sulfate phosphate acetate 
Parent oxyacid P(OH); Но5О4 H3PO, CH3CO,H 
phosphorous sulfuric phosphoric acetic 
acid acid acid acid 


Figure 6.8 Examples of esters. Methyl acetate is an example of an organic ester, а 


(a) 


(b) 


FIGURE 6.9 


derivative of a carboxylic acid. Such compounds are discussed in Chapters 21 
and 22. The others are examples of inorganic esters, which are derived from 
inorganic acids. 


Ст“ чекте --- 3. 97 а + H-CI 
| |+ а | da 
CHAR CHR 
| 
аг H, Pc H 1 


O 
cl Ы 
C CHR Cl 


Two possible routes for chloride ion attack on the oxonium ion intermediate 
in the reaction of an alcohol with phosphorus oxychloride. (a) The chloride 
ion acts as a Bronsted base, abstracting a proton from the intermediate and 
leading to ester formation. (b) The chloride ion acts as a nucleophile (Lewis 
base), performing a displacement reaction and leading to the formation of 
haloalkane. 


Thus we see that either a phosphate ester or a haloalkane can be obtained by the reaction of 
an alcohol with phosphorus oxychloride. Two types of products are possible because the 
chloride ion formed in the initial step can follow either of the two routes shown in Figure 6.9. 

It is a recurring situation in organic chemistry that Lewis bases have available to them the 
competing possibilities of proton abstraction and nucleophilic attack. We can direct the reaction 
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of an alcohol with phosphorus oxychloride by choosing different reaction conditions. For ester 
formation, we add the alcohol slowly to a cooled solution of the phosphorus oxychloride in an 
inert solvent. For the formation of a chloroalkane, we add the phosphorus oxychloride to the 
alcohol, often without solvent, and the reaction mixture is heated. We can understand the con- 
trolling role of temperature in terms of the differences in energy of activation associated with 
each of the competing processes. We will introduce the fundamental idea of activation energies 
rather briefly here. 

In chemical reactions, bonds are broken and formed. Each bond that is broken requires an 
energy input, and each bond that is formed releases energy to the surroundings. However, in gen- 
eral, energy is always needed to start reactions, even if the products are more stable (have 
stronger bonds) than are the reactants. The energy that must be provided to initiate the reaction 
is the activation energy. It is a measure of the energy barrier to reaction. 

Generally, Bronsted acid-base reactions are observed to have a very low energy barrier 
(activation energy). Nucleophilic displacement reactions have higher energy barriers. Thus, 
by keeping the reaction at a relatively low temperature we favor the pathway with the lower 


smaller 
energy 
Energy requirement 
(lower activation 
energy) 


larger 
energy 
requirement (higher activation energy) 


Reactants 


Product A 


Product B 


А“ 


Progress of reaction 


Figure 6.10 The importance of activation energy. As reactions proceed from reactants to 
products there is an initial increase in energy requirement while atoms begin to 
change their positions and electrons move to accommodate those changes. This 
is followed by a decrease in energy requirement as the new bond formation 
becomes significant. The particular energy that must be provided to the 
reactants to reach the state of maximum energy requirement is known as the 
activation energy. This energy is provided through collisions in which kinetic 
energy is converted into potential energy. If the reaction temperature is low, 
relatively few collisions will be sufficiently energetic to allow a reaction of high 
activation energy to occur. Under these conditions, the reaction of low activation 
energy dominates, even though it may lead to less stabilized products. 
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energy barrier (in the present instance, the proton abstraction reaction). Figure 6.10 shows 
energy profiles for the two types of reactions. (An energy profile, or reaction progress 
diagram, illustrates the change in energy requirement as the atoms and electrons are shifted 
about during the process of a reaction.) 

There exist in some situations several (unfortunate) concepts concerning activation energy 
and energy release from bonds. We would take a moment here to dispel such concepts. First, 
when we view a reaction progress diagram, as in Figure 6.10 we should not think of reactants 
gaining energy (going up the slope) as they approach the point of highest energy requirement. 
Rather, reactants contain a certain amount of energy that either is sufficient or is not sufficient 
to attain the structure required to cross the barrier of highest energy requirement. The two situ- 
ations are illustrated in Figure 6.11. In situation a the reagents have sufficient energy to attain 
the state of highest energy requirement (the transition state) and in situation b they do not have 
such sufficient energy. In situation a the reactants proceed on to products. In situation b the reac- 
tants can not attain the state of highest energy requirement and simply bounce apart without 
reacting. In situation a the energy released in generating the stable product occurs by collision 
with other molecules or the walls of the reaction vessel. 


Reactants 


Products 


—— ——————————É————' 


Progress of reaction 


FIGURE 6.11 Progress of reaction with reactants containing different amounts of energy. 
In situation a the reactants contain sufficient energy to meet the high energy 
requirement of the transition state and proceed to products, giving off 
energy to their surroundings by collision with other molecules or the reaction 
vessel walls. In situation b the reactants do not contain sufficient energy to 
meet the high energy requirement of the transition state and proceed only a 
portion of the way toward products. Instead of forming products, they simply 
revert to the separated reactants. 
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Special Topic 


Inorganic Ester Properties 


While esters of organic acids occur naturally and extensively in biological systems, as will be 
discussed in a number of following chapters, and some moderately volatile ones have quite pleasant 
odors, esters of inorganic acids often bear deleterious characteristics. 

Trimethyl phosphite, related to the phosphorus-containing acid HPO; (phosphorous acid), has а 
striking odor that many find nauseating. In spite of this, like a miniature poodle, its bark is worse than 
its bite; it is a quite useful material that is employed in the preparation of a wide range of other useful 
organic compounds containing phosphorus. 


ОСН; 
qu OCH; 
осн, 
trimethyl phosphite 
If trimethyl phosphite is a miniature poodle, dimethyl sulfate is more like a pit bull, not as much 
of an odor, but extremely dangerous. The methyl ester derivative of sulfuric acid is an extremely 


potent carcinogen, able to enter the cell and the nucleus thereof and cause mutations generating 
cancerous cells. Extreme care must be used in handling this material. 


1 
СНЗО —S— OCH; 
|| 
О 
dimethyl sulfate 


A variety of esters of nitric acid, HNO; are known, some with most intriguing properties. One of 
the better known is the molecule containing three nitrate ester linkages, commonly known as nitro- 
glycerin, based on the molecule glycerol (see Polyols) wherein each of the hydroxyl groups is 
involved in an ester linkage with nitric acid. 


и 0%) 
НС 


HC —ONO, 


H5C 
ONO, 
nitroglycerin 


Nitroglycerin, with a burning, sweet taste, is only mildly toxic, and is used pharmaceutically by heart 
patients as a vasodilator for the easing of cardiac pain. In its pure form it is also a powerful explosive, 
the pure liquid (or solid) detonating with extreme force even with mild physical shock. This characteris- 
tic of nitroglycerin made it somewhat useful as an explosive for mining and related construction 
purposes, albeit quite hazardous. It was Alfred Nobel who uncovered in the mid-1800s a relatively safe 
way of handling nitroglycerin by absorbing it onto the surface of an inert material such a kieselguhr or 
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charcoal, blocks or sticks of which could be used in controlled detonation. In addition to practical uses 
in mining and construction, the resultant dynamite also greatly modified the nature of munitions for war, 
and Nobel became quite wealthy from the sale of his invention. Realizing the ill that was caused by his 
invention, along with the practical and constructive uses, Nobel instituted the well-known Nobel prizes 
for accomplishments in the pursuit of peace, as well as for advancement in several areas of science. 


6.9 OXIDATION OF ALCOHOLS 


GENERAL 


The reactions we discussed earlier in this chapter were substitution reactions; that is, they 
involved the replacement of one atom by another atom. Another important type of reaction for 
alcohols is oxidation. You should recall that we first introduced this type of reaction in Chapter 5. 
We noted, for example, that two products—formaldehyde (6.7) and formic acid (6.8)—are 
obtained from the oxidation of the simplest alcohol, methanol. 


O O 
| | 
H< еы H H< ES OH 
formaldehyde formic acid 
(also known as (also known as 
methanal) methanoic acid) 
6.7 6.8 


The varying reactions of primary, secondary, and tertiary alcohols with oxidizing agents are 
summarized in Figure 6.12. 

In general, susceptibility to oxidation correlates with the presence of hydrogen atoms bound to 
the carbinol (С-ОН) or carbonyl (C=O) carbon atom. For example, primary alcohols have two 
hydrogen atoms attached to the carbinol carbon. Two stages of oxidation can occur under relatively 
mild conditions. The first stage involves the removal of one of the carbinol hydrogen atoms and the 
formation of a carbon to oxygen double bond. The product is an aldehyde, a compound having at 
least one hydrogen bonded to the carbonyl carbon atom. Because the aldehyde has this hydrogen, 
further oxidation is readily effected. The second stage of oxidation, like the first, involves the 
removal of a hydrogen atom, but is now replaced by a hydroxyl group, forming a carboxylic acid. 

Secondary alcohols contain only one hydrogen atom attached to the carbinol carbon atom, 
and only one stage of oxidation can readily be effected. As in the first oxidation of a primary 
alcohol, a hydrogen atom bonded to the carbinol carbon is removed, and a carbon to oxygen 
double bond forms. The product is a ketone, a compound having two alkyl groups attached to a 
carbonyl carbon atom. A ketone has no hydrogen atoms bonded to the carbonyl carbon, and we 
find it to be resistant to further oxidation. The simplest ketone is acetone (IUPAC name: 
propanone); it is formed by the oxidation of 2-propanol, as shown in Equation 6.12. 


O 
НС у“ [oxidizing agent] | 
/ UH НЗС CH; 
H3C 
isopropyl alcohol acetone 


(2-propanol) (propanone) (Eq. 6.12) 
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H R R 
\ \ 
R—C—OH ------- 2. -------- а 
н н НО 
primary alcohol aldehyde carboxylic acid 
| Ri 
R,—C— ОН -----> C—O (resistant to further oxidation) 
| / 
H R; 
secondary alcohol ketone 
Т 
R,—C— OH (resistant to oxidation) 
| 
Вз 


tertiary alcohol 


Ғісиве 6.12 Action of oxidizing agents on the different classes of alcohols. Primary 
alcohols are oxidized to aldehydes, which can be further oxidized to carboxylic 
acids. Many common oxidizing agents convert primary alcohols directly into 
carboxylic acids (the intermediate aldehyde is oxidized under the conditions of 
the reaction). Secondary alcohols are oxidized to ketones, which are resistant 
to further oxidation. Tertiary alcohols are inert to most common oxidizing 
agents. In all of the structures shown, R, Ви, Rz... represent alkyl groups. 


In order to oxidize a ketone to a carboxylic acid, a carbon-carbon bond would need to be 
broken. Breaking a carbon-carbon bond requires much more severe conditions than are needed 
for breaking of carbon-hydrogen bonds. Thus, ketones, unlike aldehydes, are not easily oxidized 
to carboxylic acids. For a similar reason, tertiary alcohols are much more resistant to oxidation 
than are primary and secondary alcohols. 

In the oxidation of an alcohol to an aldehyde or ketone, a double bond is generated between 
carbon and oxygen. The carbon-oxygen o bond remains, and a new bond arises from the side- 
to-side overlap of p orbitals (a л bond) on the carbon and oxygen atoms. The carbon-oxygen 
double bond thus consists of both a o bond and a x bond. The carbon undergoing oxidation is 
changed in its hybridization from sp? to sp?. 


REAGENTS USED FOR THE OXIDATION OF ALCOHOLS 


There are a wide variety of reagents for the controlled oxidation of alcohols. Two types of inor- 
ganic oxidizing agents will be described here, and other oxidizing agents will be introduced later. 

Compounds of chromium and manganese in high oxidation states are particularly useful for 
the oxidation of alcohols. Rather common examples of chromium(VI) oxidizing agents are 
chromium trioxide (CrO3), sometimes known as chromic anhydride, and dichromate salts 
(Ха СО, or K5Cr;0;). 
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A useful qualitative test for primary and secondary alcohols depends on the use of a Cr(VI) 
reagent (e.g., chromic anhydride or sodium dichromate in sulfuric acid). The Cr(VI) reagent is 
added to a solution of the alcohol in acetone. If the alcohol is primary or secondary, a blue-green 
color appears within a few seconds. Tertiary alcohols do not give a color change with this test 
because they are resistant to oxidation. The test is based on the reduction of Cr(VI), which has 
an orange color in solution, to Ста), which is green in solution. When the alcohol is oxidized, 
the chromium agent is reduced. The color change provides a rapid method for the detection of 
alcohols, and is used in the breathalyzer test for ethanol intoxication. 

With secondary alcohols, the reaction with such an oxidizing agent produces ketones. 
Examples are shown in Equations 6.13 and 6.14. The mechanism of this type of reaction 
involves several steps. 


H СтОз О 
CH3CH;—CCH;CH;CH; ——9 
Он acetic acid CH3CH; “-СН;СН;СН; 


Az 


3-hexanone 
3-hexanol 63% yield (Eq. 6.13) 


O 
АД iiid pM 
— 
sulfuric acid 
2-pentanol 2-pentanone 
74% yield (Eq. 6.14) 


Aldehydes are formed by the oxidation of primary alcohols with Cr(VI) reagents under these 
conditions. The mechanism is the same as shown for secondary alcohol oxidations. However, 


Mechanism of the Oxidation of a Secondary 
Alcohol Using a Cr(VI) Reagent 


Step 1 An intermediate ester of chromic acid forms. 


| 
таи 
H OH H O 
“о” + HCrO4 + Ht ------- “с” + НО 
м 
H3C СН; нс“ “ен; 


The formation of the ester renders the hydrogen on the original carbinol carbon more 
acidic than it was prior to ester formation. 
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Step 2 The hydrogen of the original carbinol carbon is sufficiently acidic that the weak base 
present in the system (water) is able to remove it and thereby complete the oxidation. 


ы ОН 
:О: | 
d B O=Cr=0 О 
P --- [| + HCrO; + H30* 
7 ~ 
C вс” “сн; 
ИС“ “СН; 


the aldehyde formed is often further oxidized to a carboxylic acid. We can isolate the aldehyde 
only under special conditions. Low molecular weight aldehydes can be distilled from the 
reaction mixture as they are formed and before they can be further oxidized, but this is usually 
not possible with higher molecular weight aldehydes (those containing more than five carbon 
atoms). The results of CrO4/H5SO, oxidation of 1-propanol are shown in Figure 6.13. 

An alternative method for the preparation of aldehydes from primary alcohols uses CrO; in 
the organic base pyridine (6.9) rather than in an acidic medium. Under these conditions, oxida- 
tion of both primary and secondary alcohols occurs to give carbonyl compounds. It is of particular 
interest that the oxidation of primary alcohols can be stopped at the aldehyde stage. (Keep in mind 
that most other oxidizing agents acting on primary alcohols yield carboxylic acids.) Equation 
6.15, for example, illustrates the preparation of geranial from geraniol. (It is not the situation that 
CrO;/pyridine can’t oxidize aldehydes; it simply does so at a much lower rate. Working with dili- 
gence it is a relatively simple task to isolate the aldehyde before it becomes oxidized.) 


5 
| Б; 
N 


pyridine 
6.9 
СгОз 
(CH3),C=CHCH,CH,C(CH3)=CHCH,0OH 
pyridine 


geraniol 
(CH3),C=CHCH,CH,C(CH3)=CHCH(O) 


geranial 
66% yield 
(Eq. 6.15) 
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CrO; 49% yield when the oxidizing 
СН;СН;СН;ОН 2-7 CH3CH;CH(O) agent is added slowly to the 
alcohol and the aldehyde is 
1-propanol propanal distilled from the reaction as 
it is formed 


CrO; 65% yield upon isolating the 
CH3CH,CH,0H H4SO > CH3CH;CO;H acid after the completion of 
2244 


Ше reaction, with no attempt 
to remove the aldehyde by 
distillation 


1-propanol propanoic acid 


Figure 6.13 Oxidation of 1-propanol using chromic anhydride in sulfuric acid. Either the 
aldehyde or the carboxylic acid can be obtained by the proper choice of reaction 
conditions. It is possible to isolate the aldehyde because it is sufficiently volatile 
and thus easily removed from the reaction mixture. In general, if the aldehyde is 
not removed from the reaction mixture, it is further oxidized to a carboxylic acid. 


Care is required for the preparation of the CrO;/pyridine oxidizing system (Sarett’s reagent). 
Since the reaction between chromic anhydride and pyridine is quite exothermic, it is critical to 
add the CrO; to the pyridine. The reverse order of addition usually leads to the mixture catching 
fire. Another oxidizing agent that can be used for the same purpose as CrO,/pyridine is 
pyridinium dichromate, or PDC (prepared from sodium dichromate, Na;Cr?O;, and pyridine). It 
is safer to use and is commercially available. 

High oxidation state manganese compounds also oxidize alcohols to carbonyl compounds 
and carboxylic acids. Permanganate ion, MnO,-, in aqueous basic solution oxidizes secondary 
alcohols smoothly to ketones. An example is shown in Equation 6.16. 


O 
ШЖ, ee KOH 
но 1 
cyclohexanol cyclohexanone 
(a cyclic secondary (a cyclic ketone) 
alcohol) 95% yield (Eq. 6.16) 


Permanganate oxidizes primary alcohols initially to the aldehydes, which subsequently are 
oxidized further to the carboxylic acids. It is generally not possible to isolate the aldehyde inter- 
mediates in the permanganate oxidation system. An example of the permanganate oxidation of 
a primary alcohol is shown in Equation 6.17. Note that isolation of the free carboxylic acid 
requires final treatment with aqueous acid. Without this treatment, the oxidation product remains 
as the potassium salt. 
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OH 1. KMnO,, KOH, H,0 COH 
ве 
2. aqueous acid 
2-ethyl-1-hexanol 2-ethylhexanoic acid 


Permanganate ion is also used at times as an oxidizing agent in acetic acid solution. 
However, permanganate ion does not oxidize tertiary alcohols. 

The inorganic by-product in the permanganate oxidation of alcohols is manganese dioxide. 
Thus permanganate provides a quick visual test for the differentiation of tertiary alcohols from 
primary and secondary alcohols. Once a determination has been made that a sample is an alco- 
hol (e.g., by reaction with sodium metal), oxidation with permanganate ion is attempted. The 
disappearance of the characteristic purple color of the permanganate solution and the formation 
of a brown precipitate (MnO»;) indicates the presence of a primary or secondary alcohol. 

Manganese dioxide itself slowly oxidizes primary and secondary alcohols to the correspon- 
ding aldehydes and ketones. If this reaction is used preparatively, the alcohol is stirred with a 
slurry (heterogeneous) of freshly prepared manganese dioxide in a hydrocarbon solvent such as 
pentane or benzene. An example is given in Equation 6.18. Owing to the extended time it takes 
for this reaction to occur, it is generally used only when other functional groups are present in 
the molecule that are susceptible to reaction with the more powerful oxidizing agents. 


MnO; 
СН;СН;СН;СН;ОН — > CH3CH,CH,CH(O) 
benzene 
1 week butanal 


1-butanol 
ша 70% yield (Ед. 6.18) 


6.10 OTHER ASPECTS OF ALCOHOL CHEMISTRY 


This chapter and the previous one have introduced you to many important aspects of the chem- 
istry of the alcohols. As we proceed, you will find that alcohols figure prominently in all of our 
discussions of organic compounds. The chemistry you have learned so far will provide a good 
introduction for many of the topics we will meet, and as we explore these later topics you will 
find that the newly introduced chemistry helps to reinforce the concepts and reactions already 
discussed and adds to your knowledge of alcohols. You will learn how to prepare alcohols from 
other types of compounds such as alkenes and carbonyl compounds. You will also see that the 
reaction types introduced in this chapter have counterparts in other areas of organic chemistry. 
As we continue beyond this chapter, we will introduce more reactions of alcohols that reflect 
their central role in the preparation of other organic compounds. We will see how alcohols can 
be used to prepare a whole host of compounds, including some that we met in this chapter, such 
as organic esters, and others that we have yet to encounter. In the following chapter, in fact, you 
will see some new aspects of alcohol chemistry. You will find that alcohols can be used to pro- 
duce an important type of reaction intermediate known as a carbocation, and we will explore 
the chemistry of this species. 
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Alcohols react with inorganic acid halides to produce haloalkanes or esters, depending on 
the specific reaction conditions used. These conversions proceed in a sequence of Lewis 
acid/Lewis base reaction steps. 


Alcohols can act as either acids or bases. 
Alcohols act as bases by using an unshared electron pair on the hydroxyl oxygen. 


When alcohols act as Brgnsted bases, they accept a proton, forming protonated alcohols 
known as oxonium ions. They can also act as Brgnsted acids by donating the hydrogen of 
the hydroxyl group. Loss of this hydrogen from an alcohol leads to an alkoxide ion, КО“. 


Although alcohols can act as Brgnsted acids, they are weak acids. They require strong 
bases to generate sizable concentrations of the alkoxide ion in solution. 


Primary and secondary alcohols undergo facile oxidation. 


High oxidation state chromium and manganese reagents readily oxidize secondary alco- 
hols to ketones. 


Primary alcohols can be oxidized to aldehydes using these same reagents. However, 
unless special precautions are taken the oxidation proceeds further to a carboxylic acid. 


Tertiary alcohols are resistant to oxidation under normal conditions. A hydrogen attached 
to the carbinol carbon is required for facile oxidation. 


Terms to Remember 


radicofunctional method inductive effect transition state 
carbinol carbon atom acid halide aldehyde 
solvation derivatives carboxylic acid 
polarizability ester ketone 
hydrophobic energy of activation 

hydrophilic reaction progress diagram 


Reactions of Synthetic Utility 


Reactions that are of synthetic utility will be summarized at the end of each chapter in which 
they are introduced. These reactions are numbered sequentially throughout the entire text, 
and their numbers are bookmarked to the section in which they were first discussed. For 
Chapters 6 through 9 these reactions are listed on a functional-group map. For reactions 
introduced after Chapter 9, each student should continue the development of the functional- 
group map in the form most convenient for his or her own use. Limitations of the reactions 
are given to assist in the design of synthetic processes. It is suggested that each student con- 
tinue construction of their own map, with a separate listing of the reagents. The purpose of 
this map is to aid the student in learning the approaches for conversion of the varieties of 
functional groups. 
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1. 


10. 


11. 


12. 


ROH + PX; ---- RX 
X = Br, ROH = 1°; X = CL ВОН = 1°, 2°, 3° 


ВОН + РОС ——— RCI 
ROH + SOC, — ва 
ROH + СОС) — ва 


ROH + РОС; ———> O-P(OR) 


КОН =1°,2° 
м— = —— > = 
ROCHON тоа acetic acid R,C=O 
2° or H5SO, 

R,CHOH + Na,Cr,07 — R5C-O 

: H2504 

2 
ЕСН»ОН + СгОз --- RCO;H 

H5S04 


1° 


RCH;OH T Nay,Cr 07 — RCO,H 
1° 


R;CHOH + СгОз ———————À К;С-О 
" Е pyridine 
1 or2 


Notes: (a) This reaction stops at the aldehyde stage if a primary 
alcohol is used; most other oxidants convert primary alcohols to 
carboxylic acids. (b) PDC, pyridinium dichromate, in pyridine 
is a useful alternative to CrO3 in pyridine. 


R,CHOH + KMnO, —————— R5C-O 
іі KOH, H50 


RCH,OH + KMnO4, ———————»  RCOjH 
и KOH, ЊО 


(acid work-up) 


CHAPTER 6 + ALCOHOLS 167 


13. R,CHOH + MnO, — R5C-O 
1° ог2° hydrocarbon 


Note: Reactions 8, 9, and 12 are useful for aldehyde synthesis only with low molecular weight 
alcohols. 


Ketone 
6,7 
10,11,13 
5 9,12 


Phosphate Ester -««&—————— Alcohol ———— > Carboxylic Acid 


8,9,10,12,13 
9,12 


1,2 
3,4 Aldehyde 


Haloalkane 


Problem 6.1 


Classify each of the following alcohols as primary, secondary, or tertiary. 


а) (CH3),CH—CHCH, 
OH 


b (CH,;);CCH,CH(CH;)CH,OH 


ә (CH5 CH); CHCH, 


OH 
H 
ме, 
OH 
OH 
6) | БР аре 
f) OH 


(answer) 


Problem 6.2 


Consider all isomeric alcohols of formula C6H;4O. Draw their structures and name them 
following the IUPAC method. Classify each alcohol as primary, secondary, or tertiary. 


(answer) 


Problem 6.3 


Provide an alternative name for each of the alcohols listed in Figure 6.3. 


(answer) 


Problem 6.4 


Which of the following alkoxide ions would you expect to be the strongest base in 
aqueous solution? 


CICH, CH, O` 
CH, CH, O` 
(СНз)зСО` 


Explain your choice. 


(answer) 


Problem 6.5 
The enolate anion, CH2=CH-O, has an appreciably greater intrinsic stability than does 


the ethoxide ion, CH;CH,O. Suggest an explanation for this increased stability. Which of 
these ions would you expect to be the stronger base? 


(answer) 


Problem 6.6 

Based on the relationship between basicity and leaving group abilities, which of the 
following classes of compounds would you predict to undergo nucleophilic substitution 
readily with hydroxide ion? 

a) amines (R-NH;) 

b) fluoroalkanes (R-F) 

C) chloroalkanes (К-С!) 


d) nitriles (R-CN) 


answer 


Problem 6.7 
Using the curved-arrow formalism, write out the mechanism by which the remaining two 


chlorine atoms of НОРСЬ react with alcohol, leading to the formation of two additional 
molar amounts of chloroalkane and а molar amount of phosphorous acid [(НО)зР]. 


(answer) 


Problem 6.8 
The reaction of 1-butanol with phosphorus oxychloride proceeds in a manner entirely 


analogous to that of 1-butanol and phosphorus trichloride. Give the products of the 
reaction of 1-butanol and phosphorus oxychloride. 


(answer) 


Problem 6.9 


Draw the structures for the ketones that would be produced upon oxidation of each of the 
following alcohols: 


a) sec-butyl alcohol 
b) 3-pentanol 


с) cyclohexanol 


(answer) 


Problem 6.10 


Draw the structures for the carboxylic acids that would be produced by oxidation of each 
of the following alcohols: 


a) isobutyl alcohol 
b) neopentyl alcohol 


с) 2-cyclohexylethanol 


(answer) 


Problem 6.11 
Substance А, of formula C4H100 is known to react with sodium metal to produce 


hydrogen. On being heated with sulfuric acid and potassium dichromate, substance B, 
with the formula C4HsO», is produced. Suggest two possible structures for A and В. 


(answer) 


Problem 6.12 


Provide IUPAC names for each of the following structures: 


a) 


b) 


c) 


d) 


e) 


f) 


g) 


h) 


“No 


H 
OH 
OH 
OH 


га 
ма: 
Ари 
За 
pos 
ам 


i) 


dD 


k) 


) 


т) 


п) 


о) 


р) 


ОН 


Problem 6.13 


For each of the structures in Problem 6.12, tell if it is a primary, secondary, or tertiary 
alcohol. 


(answer) 


Problem 6.14 


Draw a structure for each of the following compounds: 


a) 
b) 
с) 
d) 
e) 
f) 
g 
h) 
i) 
2) 
k) 
D 
m) 


n) 


4-heptanol 
3,3-dimethyl-2-butanol 
3-ethyl-1-hexanol 
4-ethyl-3,3-dimethyl-4-octanol 
3-methyl-3-hexanol 
4-ethyl-2-methyl-3-heptanol 
3-ethyl-2,6-dimethyl-3-octanol 
3-propyl-1-heptanol 
4-isopropyl-4-octanol 
3-ethyl-2-methyl-3-pentanol 
potassium ethoxide 

sodium isopropoxide 
potassium fert-butoxide 


4,4-di-sec-butylcyclohexanol 


(answer) 


Problem 6.15 


For each of the compounds in Problem 6.14, tell whether it is a primary, secondary, or 
tertiary alcohol (or derivative thereof). 


(answer) 


Problem 6.16 
Draw all of the structural isomers of the formula С5Н 20. Some of these do not contain 


the hydroxyl group and therefore are not alcohols. Give the IUPAC name for each 
structure that is an alcohol. 


(answer) 


Problem 6.17 

Draw structures for the methyl esters of each of the following acids: 
a) sulfuric acid (Н>5О4) (dimethyl ester) 

b) nitric acid (HNO3) 


с) formic acid (НСО-Н) 


(answer) 


Problem 6.18 


Give the structure of the major organic product in each of the following reactions: 


a) 3-pentanol heated with thionyl chloride 
b) 3-pentanol heated with potassium permanganate in aqueous potassium hydroxide 
solution 


с) 3-methyl- 1 -butanol treated with chromic anhydride іп pyridine 

d) 2-methyl-2-hexanol treated with chromic anhydride in sulfuric acid 

e) phosphorus tribromide added to 2-methyl-2-hexanol with heating 

f) 2,3-dimethyl-1-butanol treated with phosgene (СОСЬ) in pyridine 

g) 2,3-dimethyl-1,4-pentanediol treated with chromic anhydride in pyridine 


h) 4,4-dimethyl-1-pentanol treated with potassium permanganate in aqueous 
potassium hydroxide 


1) excess 1-ргорапо! added to phosphorus oxychloride at 0°C 

j 2-heptanol treated with sodium dichromate in sulfuric acid 

k) 3-methyl- 1 -pentanol treated with sodium dichromate in sulfuric acid 

1) 1,6-heptanediol treated with potassium permanganate in aqueous potassium 
hydroxide 


(answer) 


Problem 6.19 


Give the structure and the name of the alcohol that would be used in the preparation of 
each of the following compounds upon treatment with chromic acid in sulfuric acid: 


i CON 
c) > 

СО, Н 
е "Pw 
° д. 
f) AL 


(answer) 


CO,H 


g) 


ent 
dd. 
O 


h) 


vYY 


Problem 6.20 


Give the structure and the name of the alcohol that would be heated with phosphorus 
trichloride to prepare each of the following compounds: 


OY 
Any 
dus, 


c) 


d) 
уен 
е) 
СІ 
С 
° AL 
C 
g) 
CI 
h) Li 


CI 
CI 
CI 
1 
1 
С1 


Problem 6.21 

Give the structure of the major organic product formed from each of the following 
alcohols upon treatment with potassium permanganate in aqueous potassium hydroxide 
solution: 

a) 2,3-dimethyl- 1 -pentanol 

b) 2-methyl-2-butanol 

с) 2,4-dimethyl-3-hexanol 

d) 2,2,6,6-tetramethyl-1 -octanol 


e) 4-ethyl- 1-hexanol 


(answer) 


Problem 6.22 


For each of the compounds in Problem 6.21, give the structure of the major organic 
product formed upon treatment with СгОз in pyridine. 


(answer) 


Problem 6.23 


For each of the compounds in Problem 6.21, give the structure of the major organic 
product formed upon heating with phosphorus trichloride. 


(answer) 


Problem 6.24 
Arrange the following compounds in order of increasing acidity (in aqueous solution): 2- 


butanol; ethanol; 2,2-dichloroethanol; 2-methyl-2-hexanol. Explain your placement of the 
compounds in the order you chose. 


(answer) 


Problem 6.25 


Phenol (shown below) is a stronger acid than is ethanol. Suggest an explanation for this 
increased acidity. (Hint: Consider the conjugate bases of the two hydroxyl compounds in 
question.) 


OH 


phenol 


(answer) 


Problem 6.26 
The formation of phosphite esters [(RO)3P:] by the reaction of phosphorus trichloride 


with alcohols [ROH] is analogous to the formation of phosphate esters from phosphorus 
oxychloride. Use the curved arrow formalism to show the mechanism of this reaction. 


(answer) 


Problem 6.27 

Describe how you would distinguish, using one or more chemical reactions, between 
each of the following pairs of compounds. Tell exactly what you would do and what you 
would see. 

a) 2-propanol and tert-butyl alcohol 


b) 1-methylcyclohexanol and cyclohexanol 


с) propanal [CH4CH;CH(O)] and tert-butyl alcohol 


(answer) 


Problem 6.28 


Substance C has the molecular formula С5Н120. It reacts with sodium metal to produce 
hydrogen but gives no color change upon treatment with either chromic anhydride in 
sulfuric acid or potassium permanganate in aqueous base. Give a structure for C that is 
consistent with these data. 


(answer) 


Problem 6.29 


Undecanal [CH3(CH2)eCH(O)] is the sex attractant of the greater wax moth (Galleria 
mellonella). How would you synthesize this compound from 1-undecanol? 


(answer) 


Problem 6.30 
Phosphorus trichloride reacts with three equivalents of water to give three equivalents of 


hydrogen chloride and (НО)ЗР: (phosphorous acid). Using the curved-arrow formalism, 
give a mechanism for this reaction. 


(answer) 


Problem 6.31 


Write an equation, balanced if you can, for each of the reactions shown below. If no 
reaction occurs, so state. 


a) methanol + sodium hydroxide 

b) 1-pentanol + hydrogen chloride 

с) 2-ethyl-2-butanol + hot aqueous alkaline potassium permanganate 
d) ethanol + trimethylboron [(CH3);B] 

e) 1-butanol + sodium 


f) CH3CH;OCH;CH,; + sodium 


(answer) 


Problem 6.32 

Show how 1-butanol can be converted into each of the following compounds: 
a) butanal [CH3CH2CH2CH(O)] 

b) butanoic acid [CH3;CH,CH,CO,H] 

с) 1-chlorobutane 


d) 1-bromobutane 


(answer) 


Problem 6.33 


On treatment with aqueous basic potassium permanganate, both 1-heptanol and 3- 
heptanol react. Write the structure for the organic product of each reaction. The product 
from the reaction of 1-heptanol remains dissolved in the aqueous reaction solution while 
that from the reaction of 3-heptanol does not so remain dissolved. Explain this 
observation. 


(answer) 


Problem 6.34 
You are given a mixture of 2-methyl-1-octanol and 2-methyl-2-octanol from which you 


must isolate the pure 2-methyl-2-octanol. Propose a method for accomplishing this. You 
need not worry about recovering the 2-methyl-1-octanol. 


(answer) 


Problem 6.35 


Name the reagents you would use to accomplish each of the following transformations: 


a) 
b) 
с) 
4) 


е) 


4,4-dimethylpentanal [(CH3)s;CCH2CH2CH(O)] from 4,4-dimethyl-1-pentanol 
tri(1-propyl) phosphate from 1-propanol 

2-chlorohexane from 2-hexanol 

cyclohexanone from cyclohexanol 


2-methylpropanoic acid [(CH3)2CHCO2H] from isobutyl alcohol 


(answer) 


Problem 6.36 


Choose the better leaving group of each pair: 


a) 
b) 
с) 
d) 


e) 


chloride ion or hydroxide ion 
chloride ion or formate ion 

HS or formate anion 

hydroxide ion or amide ion (NH, ) 
acetate 1on or formate ion 


acetate ion or HS" 


(answer) 


Problem 6.37 


Compound D is known to have the molecular formula САН 1002. It reacts with sodium 
metal to form hydrogen gas. On treatment with chromic anhydride in sulfuric acid, D is 


oxidized to compound Е, which has the formula Сабоа. Give structures for compounds 
D and E. 


(answer) 


Problem 6.38 


Е and С are two compounds of formula C4H10O0» (different from compound D in Problem 


6.37). F and G also form hydrogen gas on reaction with sodium metal. However, on 
oxidation with chromic anhydride in sulfuric acid, F yields a compound H of formula 
СНО; and G gives a compound J of formula СНО. Give structures for compounds Е 
through 1. 


(answer) 


Problem 6.39 


In Problem 6.38 we were able to distinguish between isomeric structures on the basis of 
the formulas of their oxidation products using chromic anhydride in sulfuric acid. Could 
we make the same distinction using only the formulas of the oxidation products if 
chromic anhydride in pyridine were used as the oxidizing agent? Explain your answer. 


(answer) 


Problem 6.40 


What is the minimum weight of PBr3 we would need to convert 20.0 g of 1-hexanol to 1- 
bromohexane? 


(answer) 


Problem 6.41 


Compound J, of formula C3H6O», reacts with phosphorus tribromide to yield a compound 
К of formula C3H;5OBr. In another reaction, upon treatment with potassium permanganate 
in aqueous basic solution and work-up with aqueous acid, J yields compound L, of 
formula C3H,O,. Give structures for the compounds J through L. 


(answer) 


Problem 6.42 


A student in an elementary organic chemistry course attempted to prepare acetic acid by 
the reaction shown below. Unfortunately for the student, no acetic acid could be isolated 
from the reaction mixture, even after prolonged heating. Explain why this approach for 
the preparation of acetic acid was destined to fail. 

CH,0H + СН;СО, “Ма  — ——* СНО "Ха + СН. СОН 


methanol sodium acetate sodium methoxide acetic acid 


(answer) 


Problem 6.43 
Compounds M and N react with each other to yield primarily compounds O and P at low 


temperatures, but primarily compounds Q and R at higher temperatures. Which reaction 
pathway has the higher energy of activation (energy barrier to reaction)? 


(answer) 


6.1-answer 


a) secondary 
b) primary 
с) tertiary 
d) secondary 
e) secondary 


f) tertiary 


6.2-answer 


А 


1-hexanol 
(primary) 


2-hexanol 
(secondary) 


3-hexanol 
(secondary) 


4-methyl-1-pentanol 
(primary) 


4-methyl-2-pentanol 
(secondary) 


2-methyl-3-pentanol 
(secondary) 


2-methyl-2-pentanol 
(tertiary) 


2-methyl-1-pentanol 
(primary) 


3-methyl-1-pentanol 
(primary) 


© 
= 


3-methyl-2-pentanol 
(secondary) 


2 


© 
= 


3-methyl-3-pentanol 
(tertiary) 


2-ethyl-1-butanol 
(primary) 


23 


3,3-dimethyl-1-butanol 
(primary) 


3,3-dimethyl-2-butanol 
(secondary) 


© 


© 
= 


2,2-dimethyl-1-butanol 
(primary) 


2,3-dimethyl-1-butanol 
OH (primary) 


rt 


2,3-dimethyl-2-butanol 
(tertiary) 


X 


6.3-answer 


methyl alcohol - methanol 

n-butyl alcohol - 1-butanol 

isopropyl alcohol - 2-propanol 

tert-butyl alcohol - 2-methyl-2-propanol 
isobutyl alcohol - 2- methyl-1- propanol 
sec-butyl alcohol - 2-butanol 

tert-pentyl alcohol - 2-methyl-2-butanol 


isopentyl alcohol - 3-methyl-1-butanol 


6.4-answer 


Of the selection, the strongest base in aqueous solution would be the t-butoxide anion 
[(CH3)3CO |]. 


The others are derived from alcohols that are stronger acids, rendering their conjugate 
bases (their alkoxides) weaker than that from t-butyl alcohol. We can see that t-butyl 
alcohol is a tertiary alcohol, making it weaker as an acid than ethanol, and further, with 
the 2-chloroethanol, the halogen withdraws electron density from the oxygen site making 
it an even stronger acid than ethanol, and thereby its conjugate base the weakest in the 
selection. 


6.5-answer 


The negative charge on the enolate anion is delocalized by resonance to the carbon at the 
other end of the linkage. Such delocalization of charge stabilizes that charge. With the 
ethoxide anion, the charge is localized on the oxygen and does not have available to it 
this route for stabilization. As the enolate anion is the one with the greater stabilization, 
we would expect it to be a weaker base than is the ethoxide anion. 


/ / 
H,C—C Me H, C—C 
N \\ 


6.6-answer 


Only the chloroalkane (R-Cl) would undergo nucleophilic substitution reaction readily. 
The conjugate acid of СГ, НСІ, is a strong acid rendering chloride ion a poor base and а 
readily displaced species. The others proposed as leaving groups are all the conjugate 
bases of relatively weak bases (NH2 from ammonia, NH3; Е from НЕ; СМ from HCN). 
While reactive in their own ways, these conjugate acids are not "strong" and thereby their 
conjugate bases are reasonably strong bases, and subsequently are poor leaving groups. 


6.7-answer 


N А РСКОН) 
CH,CH;—0: Ра, _ * свсн,-о: + Clr 
H HO 
:Cl: 
) ; PCKOH) 
кин о > :Cl-CH,CH; + :Q: 
:PCKOH) ч 
Ch РОН), 
CH,CH,— O: ‘POH > осн,сн,-0: + :а 
H HO H 
а 
) + . РОН), 
CH,CH,— —H — C-CH;CH; * :О: 
H 


6.8-answer 


3 Nog: + OPC, › 3 ~~ а + ОЕР(ОН)З 


6.9-answer 


a) 


b) 


c) 


45% 


6.10-answer 


a) 
)—CO;H 
b) 
-es H 
c) 
M 


6.11-answer 


The introduction of a new atom of oxygen upon oxidation indicates the product, B, is a 
carboxylic acid and A must have been a primary alcohol. The possible structures for 
compounds of the given formulae are shown below. 


A B 
CH;CH, CH, CH, OH 7” СН; CH,CH, CO;H 
Ebutauol butanoic acid 
(CH3), CHCH, OH —+ (CH3)2CHCO2H 


2-methyl-1-propanol 2-methylpropanoic acid 


6.12-answer 


a) 
b) 
с) 
d) 
e) 
f) 
g 
h) 
i) 
2) 
k) 
1) 
m) 
n) 
0) 


p) 


1-pentanol 
2,3-dimethyl-1-hexanol 
2-methyl-2-hexanol 
2,4-dimethyl-3-hexanol 
5-ethyl-2,2-dimethyl-3-heptanol 
3,3-diethyl-1-pentanol 
3-propyl-2-hexanol 
3-methyl-6-propyl-5-nonanol 
3,4-dimethyl-4-heptanol 
1,1-dipropyl-1-butanol 
2,4-pentanediol 
2-ethyl-3-methyl-1-pentanol 
3-methyl-2-butanol 
cyclopentanol 
4-ethyl-3-heptanol 


4,4-dimethylcycloéctanol 


6.13-answer 


a) 
b) 
с) 
d) 
е) 
f) 
9) 
h) 
i) 
2) 
К) 
ђ 
m) 
n) 
0) 


p) 


primary 
primary 
tertiary 
secondary 
secondary 
primary 
secondary 
secondary 
tertiary 
tertiary 
both are secondary 
primary 
secondary 
secondary 
secondary 


secondary 


6.14-answer 


a) 


OH 


b) 


y 


с) 


НО 


6.15-answer 


a) 
b) 
с) 
d) 
e) 
f) 
g 
h) 
i) 
2) 
k) 
ђ 
m) 


n) 


secondary 
secondary 

primary 

tertiary 

tertiary 

secondary 

tertiary 

primary 

tertiary 

tertiary 

primary (derivative) 
secondary (derivative) 
tertiary (derivative) 


secondary 


6.16-answer 


Alcohols 


1-pentanol 


2-pentanol 


3-pentanol 


2-methyl-1-butanol 


3-methyl-1-butanol 


2-methyl-2-butanol 


3-methyl-2-butanol 


2,2-dimethylpropanol 


Non-alcohols 


6.17-answer 


a) 
ll 
H,CO—S—OCH, 


b) 


c) 


6.18-answer 


a) 


b) 


c) 


d) 


e) 


g) 


CI 


NO REACTION 


(O)HC 


h) 


J) 


k) 


Uu ose 


P 
CH,CH,CH,O- | ~OCH,CH,CH, 
OCH, CH, CH, 


6.19-answer 


OH 
a) о Вени 3-hexanol 
b) OH 
с MR 4,4-dimethyl-2-pentanol 
c) 
2,2-dimethylpropanol 
СН,ОН 

d) 

CH,OH 4-methyl-1-hexanol 
e) OH 

c" 25 3-pentanol 

f) OH 


3-methyl-2-butanol 


> 


g) 


h) 


i) 


dD 


g) 


h) 


i) 


dD 


— 


4-ethyl-1-heptanol 


3-methyl-1-pentanol 


5-ethyl-4,4-dimethyl-2-heptanol 


4-methyl-2,5-heptanediol 


4-ethyl-1-heptanol 


3-methyl-1-pentanol 


5-ethyl-4,4-dimethyl-2-heptanol 


4-methyl-2,5-heptanediol 


6.20-answer 


a) OH 

TM 4-methyl-3-hexanol 
b) 

и 5,5-dimethyl-2-hexanol 

OH 
с) 
AN 3,4-dimethyl-1-pentanol 
OH 
d) 
3-ethyl-2-methyl-1-pentanol 
OH 


e) 
OH 4-ethyl-5-methyl-1,6-octanediol 
OH 
f) 
2-ethyl-2-butanol 


OH 


g) 
EE 1-methylcyclobutanol 
h) ов 2-ethylcyclohexanol 
OH 


6.21-answer 


a) 
CO, K 
" НЕР 
О 
| сүү 
d) 
т, K 

e) 


Г 


CO, К 


6.22-answer 


a) 
CH(O) 
b) Бар 
(0) 
У сү 
d) 
dh 526 а 

e) 


Г 


СН(О) 


6.23-answer 


a) 
CH, Cl 
em 
CI 
| ^w 
d) 
e) 


Г 


СН, Cl 


6.24-answer 


Increasing acidity: 
2-methyl-2-hexanol « 2-butanol « ethanol « 2,2-dichloroethanol 


The 2-methyl-2-hexanol is a tertiary alcohol, and as such has decreased acidity compared 
to a secondary alcohol, such as 2-butanol. Similarly, 2-butanol is less acidic than either of 
the remaining alcohols, which are primary alcohols. Of the two primary alcohols, ethanol 
is less acidic than is 2,2-dichloroethanol owing to the effect of the chlorines withdrawing 

electron density from the oxygen site (electronegativity effect) and thereby stabilizing the 
resultant alkoxide anion. 


6.25-answer 


We can understand the increased acidity of phenol relative to ethanol by looking at the 
relative stabilization for each of the conjugate bases. With ethanol, its conjugate base 
(ethoxide anion) has the negative charge localized on the oxygen atom, as shown below. 


:0: 
A 


ethoxide anion 


However, with the conjugate base from phenol (phenoxide anion), the negative charge 
can be delocalized over a relatively large region of space, thus stabilizing the anion and 
helping the equilibrium to move toward the anion side, and rendering the phenol 
molecule more acidic. The delocalization of charge is illustrated below using resonance 
structures. 


4 uM ‘om а NK. 4 


6.26-answer 


Step 1 


H 
R—O: 
AM қы 


Е-О-Н + (ра > :P + CI 
Е N N 
СІ СІ 
Step 2 
A Н 
+/ m 
E CI R—O: Cl 
/ о %2 
:P + Cl :Р + HCl 
\ 
Cl Cl 


Repeat Steps 1 and 2 for displacement of each of the remaining chlorines on phosphorus. 


6.277 -answer 


a) Add each of the materials to be tested to a dilute solution of potassium 
permanganate in aqueous potassium hydroxide solution. In the instance of 2-propanol the 
purple color will be dissipated (by oxidation of the secondary alcohol) while nothing will 
happen with the tert-butyl alcohol. 


b) Add each of the materials to be tested to a dilute solution of potassium 
permanganate in aqueous potassium hydroxide solution. In the instance of cyclohexanol 
the purple color will be dissipated (by oxidation of the secondary alcohol) while nothing 
will happen with the 1 -methylcycxlohexanol. 


c) Add each of the materials to be tested to a dilute solution of potassium 
permanganate in aqueous potassium hydroxide solution. In the instance of propanal the 
purple color will be dissipated (by oxidation of the aldehyde to a carboxylic acid) while 
nothing will happen with the tert-butyl alcohol. 


6.28-answer 


йт, 
н,ссн,—С—Он 
CH; 


C 


The material shows reaction of an alcohol with sodium metal, but is not oxidized. 
Thereby it is a tertiary alcohol. 


6.29-answer 


И ОИ Дус ДАК N ДУУ OH 


СгО» 


pyridine 


6.30-answer 


Step 1 
САМУ" 
Н-О-Н + :P—Cl 
Cl 
Step 2 
^ Н 
+ / 
си. fl 
:Р + СГ 


Cl 


H 
+ / 
n E CI 
/ 
> :Р + Cl 
\ 
Cl 
H О: 
x ES ^! 
Р + HCI 
Cl 


Repeat Steps 1 and 2 for displacement of each of the remaining chlorines on phosphorus. 


6.31-answer 


a) 


b) 


c) 


d) 


e) 


СНОН + NaOH 


СН; CH; СН» OH + HCl 


NO REACTION 


CH; CH;OH + (CH 3)3B 


CH, CH,CH, CH,OH + Na 


NO REACTION 


> 


CH,O' Na* + H,O 


+ 
CH;CH, CH,OH, + СГ 


+ / 
CH; CH, —O 
B(CH;)3 


———— CH,CH,CH, сН,О Ма" + 1/2 H, 


6.32-answer 


a) 


b) 


c) 


d) 


ОТТ он 


СгО; 
е СНО) 
pyridine 
1. KMnO,, KOH CO,H 
О ОАЗА ВО А, Чы. 
water 
2. aq. acid work-up 
SOCI, p S 
d CI 
РВг; 


6.33-answer 


KM ‚ KOH 
Sr МИС уа ы ы > С КУ 
OH 


water 


From 1-heptanol, the product is the potassium salt of heptanoic acid. As a salt, although it 
has a portion that is non-polar, it is able to dissolve in water. From 3-heptanol the 
reaction product is 3-heptanone, a ketone, which does not have ionic character and a 
remaining structure that is rather non-polar, and thus is less soluble in water. 


6.34-answer 


The 2-methyl-2-octanol is a tertiary alcohol that is resistant to oxidation under ordinary 
condition, but 2-methyl-1-octanol is a primary alcohol that is readily oxidized. The 
separation procedure would involve treating the mixture with aqueous basic potassium 
permanganate, a reagent that will oxidize the primary alcohol to the salt of a carboxylic 
acid that will remain soluble in the aqueous basic solution. The desired tertiary alcohol, 
2-methyl-2-octanol, will not be oxidized and will remain insoluble in the reaction 
medium. It may then be isolated by extraction from the aqueous medium using an inert 
organic solvent (e.g., diethyl ether, СН;СН,ОСН,СН;) that itself is insoluble in the 
aqueous reaction mixture, followed by evaporation of the solvent to yield the pure 2- 
methyl -2-octanol. 


6.35-answer 


a) Chromic anhydride in pyridine 


b) Add the 1-propanol slowly to a cooled solution of phosphorus oxychloride in an 
inert solvent (hexane) 


с) Thionyl chloride 
d) Chromic anhydride in sulfuric acid 
e) Potassium permanganate in water with potassium hydroxide, followed by 


neutralization with aqueous acid (hydrochloric acid) 


Note: Other reagents may also be used to accomplish several of these conversions. You 
should check your Reaction Map to consider the possibilities. 


6.36-answer 

Remember, the ability to serve as a leaving group depends on the acidity of the conjugate 
acid; the stronger the conjugate acid, the better a species serves as a leaving group. 

a) chloride ion 

b) chloride ion 

с) formate ion 

d) hydroxide ion 

e) formate ion 


f) acetate ion 


6.37 -answer 


There are two possible sets of structure for D and E that are isomeric. These are shown 
below. 


Possibility 1 Possibility 2 


OH 
д = HO OH 
HO 


CO,H A 
E И HO,C CO,H 


6.38-answer 


6.39-answer 


No, we would not be able to make the distinction solely on the formula of the products. 


The products would be as shown below, with the formulas for Н and 1 being identical, 
СНО». 


6.40-answer 


We first must determine the number of moles of 1-hexanol that is represented by 20.0 g. 
With a molecular weight of 102 g/mole, 20.0 g of 1-hexanol is 0.196 mole of 1-ћехапој. 


Each mole of 1-hexanol requires only 1/3 mole of PBr; since all three Br atoms of PBr; 
can be used in the conversion. Thus only 0.065 mole of PBr3 is required, which is 17.6 g 
(the molecular weight of PBr3 is 270.7 g/mole). 


6.41-answer 


L Нојс CH(O) 


6.42-answer 


The process fails to produce acetic acid, even after prolonged heating, because acetic acid 
is a much stronger acid than is methanol. The equilibrium will lie toward the side of the 
weaker acid (methanol) and the weaker base (acetate) rather than toward the side of the 
stronger acid (acetic acid) and the stronger base (methoxide). 


6.43-answer 


All reactions are speeded by an increase in temperature. Those reactions with a higher 
activation energy are speeded to a greater extent by an increase in temperature. The fact 
that Q and R are formed predominantly at higher temperatures indicates that their 
formation from M and N involves a higher activation energy. 


Types or Вомр CLEAVAGE— 
CARBOCATIONS AND 
RADICALS AS REACTION 
INTERMEDIATES 


7-1 INTRODUCTION 


In earlier chapters we introduced the idea that many organic reactions proceed in a succession 
of mechanistic steps. Such reactions produce intermediate ions or molecules that then undergo 
further reactions. An intermediate in a chemical reaction is a species with a definite lifetime 
(usually short)—it forms and then reacts further as the reaction proceeds. Intermediate species 
lead eventually to the formation of the product or products that we actually isolate on work-up 
of the reaction mixture. 

Most intermediates (there are exceptions . . .) are highly reactive and have only a fleeting exis- 
tence. We often need to apply much ingenuity to learn about these intermediates and their roles in 
reactions. This effort is worthwhile because a thorough understanding of the structures and reac- 
tions of intermediates allows us to comprehend better the variety of reactions that can occur under 
a variety of conditions. 

We apply a wide range of approaches to learn about the nature of intermediates. First, we 
are often able to learn much about the course of a reaction and its intermediates by indirect infer- 
ences. For example, we learn about the nature of a reaction by changing the reaction conditions 
and seeing the effect of these changes on its rate. (The reaction rate is a measure of how fast 
product is formed or reactant is consumed.) 

Second, we are often able to make direct experimental measurements of reaction intermedi- 
ates. Direct measurements provide us with structural data for intermediate species. We may also 
use thermochemical data to understand the nature of intermediates. Knowledge of bond energies 
and the type of bonding involved in reactants and products often allows us to make conclusions 
regarding intermediate species. 

In this chapter we will be concerned with several types of intermediates that are common in 
organic reactions. We will also be concerned with the bond-breaking and bond-making processes 
involved in their formation and continued reaction. 
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7.2 THE TYPES OF BOND CLEAVAGE 


GENERAL 


Earlier we referred to a bond as an association between atoms that is characterized by a relative 
energy minimum. From this description we can understand that an input of energy is needed to 
break any kind of bond. In organic chemistry we are concerned primarily with the breaking of 
covalent bonds. These bonds can break in either of two fundamental ways: homolytic bond 
cleavage (or homolysis) and heterolytic bond cleavage (or heterolysis). The nature of each type 
of cleavage and the intermediates each produces are discussed in the following sections. 


HoMo.Lvric BOND CLEAVAGE 


A homolytic bond cleavage (homolysis) is one in which each fragment of the cleavage retains 
one of the electrons of the original bond. For example, if we heat hydrogen gas to a sufficiently 
high temperature, the molecules dissociate homolytically to hydrogen atoms. This dissociation 
is illustrated in Figure 7.1 where fish hook arrows show the fate of the two electrons of the 
original hydrogen-hydrogen bond. 

The homolysis of hydrogen molecules is endothermic to the extent of 104 kcal/mole 
(435 kJ/mole). An endothermic reaction is one that requires energy input for the conversion of 
reactants to products. The products are of higher energy (and therefore less stable) than the 
starting materials. (An exothermic reaction is one that releases energy in going from reactants 
to products.) We say that the hydrogen-hydrogen bond dissociation energy is 104 kcal/mole. 
A bond dissociation energy is the amount of energy needed to break a bond in a homolytic 
manner. It is also the amount of energy released when the bond forms. For these simple bond 
dissociations, the energies noted are enthalpies, AH, of the bond-breaking reaction. 

Consider now an organic molecule, methane. It too undergoes homolysis on being heated. 
The reaction, which produces a hydrogen atom and a methyl radical, is shown in Equation 7.1. 


н-Ссн, — ——- Н: + ‘CH; (Eq. 7.1) 
мм 


A radical (sometimes called a free radical) is any species with one or more unpaired elec- 
trons. Radicals are produced as intermediates in many organic reactions. For example, methyl 
radicals are produced in high temperature reactions of methane, such as combustion. They are 
also intermediates in the halogenation of methane, a reaction we introduced in Chapter 4 and 
will investigate further in Chapter 13. 

For methane, the carbon-hydrogen bond dissociation energy is about 104 kcal/mole. Other 
bond dissociation energies are given in Table 7.1. 


е” 
H——H — > H+H 


„= 


Figure 7.1 Homolytic cleavage of the hydrogen-hydrogen bond. Each of the hydrogen 
atoms takes one electron of the original bond with it upon bond cleavage. The 
fishhook arrows each indicate the fate of a single electron. (A full-headed 
arrow of the type we used in earlier mechanistic discussions indicates the 
movement of a pair of electrons). 
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ТАВІЕ 7.1 Homolytic Bond Dissociation Energies (АН) in kcal/mole. 


Diatomics 
H-H 104 
D-D 106 
F-F 38 
СІ-СІ 58 
Br-Br 46 
H-F 136 
H-CI 103 
H-Br 87.5 
H-I 71 
І-І 36 
Methyl-X 
-Н 104 
-Е 108 
-СІ 83.5 
—Br 70 
-I 56 
—OH ОП 
—OCH3 80 
-СН; 88 
—1°C* 85 
—2°C* 84 
—3°C* 80 
1°С-Х* 
-Н 98 
-Е 106 
-СІ 81.5 
-Вт 69 
-І 55 
—ОН 92 
—OCH3 80 
-ГС 82 
2?C-X* 
-Н 94 
-Е 105 
-СІ 81 
-Вт 68 
-І 58 


(continued) 


172 ORGANIC CHEMISTRY 


TABLE 7.1 (Continued) 


-ОН 92 
-ОСН; 81 
3°C-X* 
-H 91 
-СІ 78 
-Вг 63 
-I 53 
-ОН 92 
-ОСН; 77 
Others 
HO-H 119 
HO-OH Sil 
RO-H* 103 
N-H* 93 
S-H* 83 
C= 108 
C=C-CH* 85 
С=С-Н* 125 
CH(O)* 87 
C-N* 66 


* Average values; actual values may differ from compound to compound. 


Special Topic 


Free Radicals: Some Points of Interest 


The cracking of high molecular weight hydrocarbons 

Crude oil consists of a variety of hydrocarbons ranging from low molecular weight, low-boiling 
components through heavy oils and asphalt. The various components are separated by fractional 
distillation and are used for different purposes. The lightest fractions become gasoline and kerosene. 
Gasoline is a mixture of hydrocarbons boiling in the range from about 30°C to 200°C. The compo- 
nents of kerosene boil at a somewhat higher temperature. 

Higher-boiling fractions are used as fuel oil in furnaces and as diesel fuel. Non-volatile compo- 
nents (asphalt) are used for road surfaces, among other applications. In general, the more volatile 
fractions of crude oil find the most uses. Thus it is desirable to have methods for reducing the average 
molecular weight (and thereby increase the volatility) of the heavier oils. 
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The fragmentation of large hydrocarbon molecules into smaller ones is performed industrially on 
a huge scale in a process known as cracking. The oldest method used for cracking involves heating 
the heavy oil to a sufficiently high temperature that homolysis of bonds occurs. The homolysis of 
carbon-carbon bonds results in the formation of radicals, radicals that react further to form lower 
molecular weight alkanes and alkenes. 

We can illustrate some of the processes that occur in cracking by looking at what happens to pen- 
tane when heated to a high temperature. Two carbon-carbon bond cleavages can occur: 


CH,CH,CH,CH,CH, — Пей 


The radicals then react to form alkanes or alkenes: 


СН; + СН; ----> СН;СН; 


СН; + СН;СН- 


CH,CH,CH, 


CH,CH,° + CH3CH,CH,° СН;СН; + СН;СН-СН,; 

With higher molecular weight alkanes, more complex fragmentation routes can occur. Modern 
cracking methods use catalysts with heating to allow fragmentation to occur at lower temperatures. 
These catalysts are primarily zeolites, complex inorganic structures of aluminosilicates. 


Aging 


Radicals have been implicated in the process of aging in biological organisms. Since free radicals are 
very reactive, they have the potential to damage delicate living cells. Particularly vulnerable to radi- 
cal action are the fatty acids present in the lipids of cell membranes. Radicals can alter these lipids 
so that the cell is unable to rid itself completely of waste materials or to take up oxygen and nutri- 
ents efficiently. It has been argued that aging involves an increased rate of damage to cell membranes 
by radicals and an erosion of the ability of the cells to repair such damage. 

Radicals arise naturally in the body from hydrogen peroxide (НО-ОН) or organic hydroperox- 
ides (RO-OH), which are produced by various reactions in the cells. The oxygen-oxygen bonds of 
these molecules are weak and susceptible to homolytic cleavage, particularly in the presence of 
heavy metal ions such as Fe?*, which is present in cellular fluids. Hydroxyl (НО? and alkoxyl (КО) 
radicals are produced in these reactions. 

The oxygen molecule itself (O5), while absolutely necessary for life as we know it, is a diradical (two 
unpaired electrons—see Chapter 1), and as such can cause such damage and be toxic to living systems. 

Some substances, such as vitamin E, are inhibitors of free radical processes. Experiments have 
demonstrated that the lifespan of rodents is increased when certain of these inhibitors are added to 
their daily diets. For example, the lifespan of fruit-flies has been increased by about 1596 by the 
addition of vitamin E to their diet. 
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HeTEROLYTIC BOND CLEAVAGE 


A heterolytic bond cleavage (or heterolysis) is one in which both electrons of the broken bond 
are retained by one of the fragments. Consider, for example, the heterolysis of hydrogen chlo- 
ride. If the electronegative chlorine retains both electrons of the bond, the products are a proton 
(Н+) and a chloride ion (СГ), as shown in Equation 7.2. Heterolytic bond cleavages are usually 
unimportant in the gas phase. Homolyses require less energy input than heterolyses and there- 
fore occur more readily in the gas phase. However, in solution heterolyses are of great 
importance. Suitable solvents stabilize the ionic fragments by solvating them, that is, by bind- 
ing to them through Lewis acid/Lewis base interactions. When these interactions are possible, 
they make heterolysis the favored route for bond fracture. 


нё, — нъ :С1:- (Ед. 7.2) 


We сап calculate the energy for а bond heterolysis from the homolysis (bond dissociation) 
energy. For example, if we wish to calculate the AH associated with the reaction shown in 
Equation 7.2, we must correct the homolysis energy of the hydrogen-chlorine bond by the ion- 
ization potential of hydrogen and the electron affinity of chlorine. This calculation is illustrated 
in Figure 7.2 

The AH calculated in Figure 7.2 for the heterolysis of the hydrogen-chlorine bond refers to 
the process occurring in the gas phase. In a polar solvent considerable solvation of the H* and 


103 kcal/mole 
H + Cl 
314 kcal/mole —79 kcal/mole 
H* „СЕ“ 


FIGURE 7.2 Energy of heterolysis of the hydrogen-chlorine bond. The energy Тог 
heterolysis is obtained by adding the bond dissociation energy (homolysis 
energy) of 103 kcal/mole (432 kJ/mole), the ionization potential of hydrogen, 
314 kcal/mole (1312 kJ/mole), and the electron affinity of chlorine, —79 
kcal/mole (—332 kJ/mole). The resultant AH for heterolysis is 338 kcal/mole 
(1414 kJ/mole). This process is highly endothermic. The electron affinity of 
chlorine is negative, meaning energy is released when a chlorine atom picks up 
an electron, but the other parts of the process are endothermic, requiring 
significant energy input. 
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Cl- product ions occurs. Solvation makes heterolysis much more favorable in solution than it 
would be in the gas phase, where homolysis is the favored mode of bond cleavage. In fact, we 
know that when hydrogen chloride gas dissolves in water, it reacts almost completely to form 
Над) and Ше СГ „а. Interactions between the water molecules and Ше ions provide the driving 
force for the overall heterolysis of hydrogen chloride. So large is the solvation of the ions that 
we observe the dissolution of HCl in water to be exothermic. The stability gained by solvation 
of the H* and СГ ions more than compensates for the energy needed for the heterolysis of the 
hydrogen-chlorine bond. 


7.3 CARBOCATIONS 


A very important type of reaction intermediate is formed by the heterolysis of bonds between 
carbon and some other atom. Consider the example of tert-butyl bromide. We find that when this 
substance is placed in a suitable polar solvent, a few molecules undergo heterolysis of the 
carbon-bromine bond. Each heterolysis produces a tert-butyl cation and a bromide ion, as shown 
in Equation 7.3. For reaction to occur we need a polar solvent to provide stabilization for the 
tert-butyl cation and the bromide ion. All other things being equal, the greater the polarity of the 
solvent, the more likely heterolysis will occur. 


(CH3)3C — Вг: ---- (CH3)3C+ + :Вг:- 
polar tert-butyl 
solvent cation (Eq. 7.3) 


The term carbocation is used to describe an organic cation in which a carbon atom has a 
formal charge of +1 (see Figure 7.3). Notice that the positive carbon atom has a sextet rather 
than an octet of electrons in its valence level. This lack of a complete octet of electrons in its 
valence level is a source of reactivity. Carbocations, once formed, generally react quickly to 
complete an octet of electrons associated with the carbon valence level. 


С: 
"iis 


Figure 7.3 A carbocation. The central carbon atom is electron deficient as it has about it 
only a sextet of electrons. This type of carbocation was referred to as a 
carbonium ion in earlier chemical literature. However, the use of this term has 
been discontinued for reasons of consistency in nomenclature. Other "onium" 
ions, for example the oxonium ions of Chapter 5, have a complete octet of 
electrons about the positively charged atom. The name carbenium ion has 
been proposed as a replacement for carbonium ion but the generic term 
carbocation enjoys widespread use. 
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7.4 CLASSIFICATION AND STABILITY OF ALKYL 
RADICALS AND CARBOCATIONS 


Alkyl radicals and carbocations are classified according to the number of carbon atoms attached 
to the electron-deficient carbon atom. Examples of the various classes are shown in Table 7.2. 

We can use thermochemical data to estimate the relative ease of formation of radicals from 
their parent compounds. Consider the formation of alkyl radicals from propane by the homoly- 
sis of a carbon-hydrogen bond. Propane contains two types of carbon-hydrogen bonds. Primary 
carbon-hydrogen bonds are located at the ends of the molecule and secondary carbon-hydrogen 
bonds are located at the center. Figure 7.4 shows the bond dissociation energies associated with 
the homolysis of each of these bonds. 

In propane, the bond cleavage that leads to a secondary radical requires a smaller energy 
input than the cleavage that leads to a primary radical. Both reactions have the same reactant 
(propane) and one identical product (a hydrogen atom). The only difference in the two reactions 
is the type of carbon-hydrogen bond broken (the organic radical generated). If we think about 
generating a different type of free radical in each reaction, we see that generation of the more 
stable of the free radicals requires less energy input than does generation of the less stable free 
radical (see Figure 7.5). 

Looking at the bond dissociation energies for producing a variety of radicals, we arrive at 
the general order of radical stabilities: 


3° > 2° > 1° > methyl 


We find the same order of stabilities for carbocations. However, the differences in stability 
among different types of carbocations are greater than for radicals. How can we rationalize the 
order of stabilities? 

Both radicals and carbocations are electron-deficient species, since both have a carbon 
atom that lacks a complete octet of electrons. In general, we find that the stability of electron- 
deficient species is increased by the attachment of alkyl groups. Tertiary radicals and 
carbocations each have three alkyl groups attached to the electron-deficient carbon, and they 
are more stable than secondary, primary, or methyl radicals, each of which has fewer attached 
methyl groups. 

We rationalize the improved stability of both radicals and carbocations in terms of increased 
delocalization of charge. With carbocations, the formal positive charge at the central carbon is 
delocalized onto the attached group. With radicals there is no formal charge; however, there is 
an electron deficiency at the central carbon since it is one electron short of an octet. The more 
this electron deficiency can be delocalized, the more stable the radical will be. (Remember our 
earlier discussion of charge stabilization.) 


TABLE 7.2 Classification of Radicals and Carbocations. 


Methyl Primary Secondary Tertiary 
Species (1°) Species (2°) Species (3°) Species 
Radicals НС CH3CH; "CH(CH3); “C(CH3)3 
methyl radical ethyl radical isopropyl radical tert-butyl radical 
Carbocations СН; CH3;CH;* *CH(CH3); *C(CH3)5 


methyl cation ethyl cation isopropyl cation tert-butyl cation 
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AH = 98 kcal/mole (410 kJ/mole) 


(СН);СН--Н ---- (CH,),CH +H 


a 


AH = 94 kcal/mole (395 kJ/mole) 


Figure 7.4 Homolysis of primary and secondary carbon-hydrogen bonds in the propane 


molecule. 
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Ғісиве 7.5 Formation of secondary and primary radicals from propane. Because less 
energy is required for the formation of the secondary radical from propane, 
we conclude that it is more stable than the primary radical. The energy 
difference of 4 kcal/mole is a measure of the improved stability of the 
secondary radical relative to a primary radical. 


The order of stabilities results because alkyl groups (bearing hydrogen atoms on 
adjacent carbon atoms) can stabilize a charge at the central carbon atom in ways that a 
simple hydrogen atom can not. Charge delocalization for the tert-butyl cation is shown 
schematically in Figure 7.6. 
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0+ 
НЗС 
б+ б+ 
б+ 


Figure 7.6 Stabilization of the tert-butyl cation. The three methyl groups stabilize the 
positive charge on the central carbon atom by pushing electron density 
toward it. Each carbon atom in the structure thus acquires a partial positive 
charge, indicated by the 5+ symbol. The methyl groups can be thought of a 
donating electron density toward the central positive carbon atom, as 
indicated by the arrows on the bonds. 


Molecular Orbital Analysis 


Carbocation Stabilization 


The molecular orbital model predicts that orbital interactions can greatly influence the stability 
of carbocations. It is helpful to think in terms of an interaction between a filled orbital associated 
with the carbon-hydrogen bond (adjacent to the actual carbocation site) and an empty orbital on 
that actual carbocation central carbon atom. We think of the central carbon of a carbocation as 
being tricoordinated (trigonal planar) and sp? hybridized. The three sp? hybrid orbitals are used 
to bind the atom to the immediately attached sites by o bonds. The remaining unhybridized p 
orbital of this atom is empty, and thereby is available to interact with a filled orbital located 
nearby. The candidates for such nearby filled orbitals are the carbon-hydrogen filled o-bonding 
molecular orbitals associated with hydrogens attached to adjacent carbon atoms, as shown in 
Figure 7.7. 

This interaction is shown on an energy-level diagram in Figure 7.8. The energy of the electrons is 
decreased by this interaction, allowing them to occupy a larger region of space, thus making the car- 
bocation more stable. 

A further result of this interaction is a weakening of the carbon-hydrogen bonds and a 
strengthening of the carbon-carbon bond. The carbon-hydrogen bonds are weakened because some 
of the bonding electron density is shifted toward the central carbon atom. This infusion of electron 
density strengthens the carbon-carbon bond. Put another way, the carbon-hydrogen bonds have a 
bond-order somewhat less than unity, while the carbon-carbon bond has a bond-order somewhat in 
excess of unity, We say that the carbon-carbon bond has some double-bond character. Obviously, 
the greater the number of adjacent С-Н bonds, the more opportunity there will be for o bond inter- 
actions with the empty p orbital. It follows that 3° > 2° > 1° will be the order of stability for 
carbocations. 

The astute student might ask why we consider only adjacent C-H bonding electrons (o bonding 
molecular orbitals) in this consideration. Why not also consider adjacent C-C bonding electrons? 
The answer lies in the relative energies of the bonding molecular orbitals. The bonding molecular 
orbitals for the C-C linkages are lower in energy than those for the C-H linkages. Therefore, their 
interaction with the empty p orbital is not as efficient and is of significantly lesser significance than 
for a C-H bond. What we are looking at for carbocation stabilization, therefore, is really the num- 
ber of adjacent C-H bonds relative to the empty p orbital of the carbocation center. 
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+ 


^p, 


7 


Figure 7.7 Stabilization of a carbocation. The interaction of a filled carbon-hydrogen 
с orbital and an empty p orbital on the tricoordinated carbon atom 
provides stabilization of the carbocation by delocalization of the positive 
charge (and negative charge of electrons from the o bonding molecular 
orbital). Spreading out a charge over a larger region of space stabilizes that 
charge. The stabilization of free radicals centered at carbon is entirely 
analogous, but involves the delocalization of only one (negatively charged) 
electron. 


Energy 
empty p 
orbital 
filled C-H 
б orbital 


FicuRE 7.8 Orbital energy-level diagram depicting the stabilization of a carbocation. energy-level diagram depicting the stabilization of a carbocation. 
The energies of the orbitals from Figure 7.7 are shown. The two electrons 
from the C-H c bonding molecular orbital now occupy a more stable (more 
delocalized) position as a result of the interaction. 


In fact, simple representations such as (СНз)зС+ for the tert-butyl cation do not convey a 
completely accurate picture of the structure. In valence-bond terms we often use resonance 
structures to compensate for deficiencies associated with such a structure. For the tert-butyl 
cation, resonance structures of the type shown in Figure 7.9 are sometimes used to account for 
the strengthened carbon-carbon bonds, the weakened carbon-hydrogen bonds, and the delocal- 
ization of charge. 
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Figure 7.9 Resonance structures for the tert-butyl cation. As usual with resonance 
structures, no individual structure has any real meaning. That is, under no 
conditions is a carbocation identical to an alkene with a nearby proton. 
However, the average of the structures reflects the structure of the 
real species. The type of charge delocalization represented here is known as 
"no-bond resonance" or hyperconjugation. Hyperconjugation refers to the 
resonance delocalization of o-bonding electrons 


7.5 CARBOCATIONS FROM ALCOHOLS 


All alcohols are protonated by strong acids to produce oxonium ions, as illustrated in Equation 7.4. 


+ 
x + Ht =j roe 
R R (Eq. 7.4) 


We first met oxonium ions in Chapter 5, where their reaction with nucleophiles was intro- 
duced. Here we see another facet of oxonium ion chemistry. In solution, the carbon-oxygen bond 
may undergo heterolysis to produce a carbocation, as shown in Equation 7.5. 


Т 

T 

МОН —— кен 
R (Eq. 7.5) 


Two major factors determine whether or not an oxonium ion in solution will fragment 
into a carbocation and water. The first of these is the reactivity of the oxonium ion toward 
potential nucleophiles in solution. We generally find that methyl and most primary oxonium 
ions react faster with nucleophiles than do oxonium ions derived from secondary and tertiary 
alcohols. If a sufficiently potent nucleophile is present in solution, methyl and most primary 
oxonium ions react with it rather than decomposing to a carbocation. (In this context, review 
the reaction of methanol and ethanol with HBr and HI described in Chapter 5.) Secondary 
and tertiary oxonium ions are less reactive toward nucleophiles. The degree of 
branching about the original carbon bearing the hydroxyl group hinders the approach of the 
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nucleophile. We will consider this phenomenon 
in more detail later. 

Second, heterolysis of the carbon-oxygen GEORGE ANDREW OLAH 
bond of oxonium ions is more favorable when the а CE, 
carbocation product is more stable. The more 
highly substituted the carbon atom bonded to oxy- 
gen, the more likely it is that a carbocation will 


Chemical Biography 


b. 1927 


Distinguished Donald P. and 
Katherine B. Loker Professor of 
Chemistry, University of 


form by heterolysis of the carbon-oxygen bond. ое На 
А carbon-oxygen bond must be broken for an Ph.D. Technical University 
oxonium ion to decompose into a carbocation and Budapest (Zemplen) 1949 


a water molecule, and energy is required for this Nobel Prize (Chemistry) 1994 
to occur. Solvents that are able to solvate the 
carbocation product lower this energy require- 
ment. Intermolecular association of the carbocation and the solvent helps to compensate for the 
energy needed to break the carbon-oxygen bond. 

Carbocations are generally very reactive. They react very quickly to complete the octet of 
electrons on carbon, usually so quickly that we can not observe them directly. However, under 
certain conditions carbocations do persist long enough to be studied by spectroscopic tech- 
niques that we will discuss in Chapter 17. These conditions, developed by George Olah, 
among others, involving the placement of haloalkanes (and at times alcohols) in exceptionally 
strong Lewis acid media, allow certain carbocations to persist for extended periods of time. 
Studies under these conditions provide direct confirmation of the structure and properties of 
carbocations. Before the advent of these spectrometric techniques, structures of carbocations 
could be inferred only from the study of reaction kinetics and the structures of the final 
reaction products. 


7.6 REACTIONS OF CARBOCATIONS 


COMBINATION WITH NUCLEOPHILES 


A Lewis base can provide an electron pair to bind to the electron-deficient carbon of a 
carbocation. By doing so, the Lewis base completes the octet of electrons about the carbon 
atom. While any substance with an unshared electron pair has the potential to act in this way, 
actual reaction will occur only if some other competing reaction does not occur more 
quickly. 

Among many effective nucleophiles are chloride, bromide, and iodide ions. For example, 
when 2-methyl-2-propanol (tert-butyl alcohol) is treated with concentrated hydrochloric acid 
(HCI in aqueous solution), 2-chloro-2-methylpropane is formed via a three-step mechanism. 

Reaction of tert-butyl alcohol occurs readily even in the cold (0-52С). Shortly after mixing 
the alcohols and the acid, a two-layer system forms. The upper (less dense) layer is the product 
2-chloro-2-methylpropane. 

Primary and secondary alcohols react less readily, and elevated temperatures are usually nec- 
essary for these reactions to occur. Their diminished reactivity reflects the lessened stability of 
primary and secondary carbocations, which are formed much less efficiently than are tertiary 
carbocations from their parent alcohols. In fact, the formation of a carbocation in such instances 
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Mechanism of the Substitution of Chloride for the 
Hydroxyl Group of a Tertiary Alcohol 


Overall: 


Р НСІ . . 
(CH3)3COH  — — —-  (CH44CCE + HỌ 


Step 1 The tert-butyl alcohol acts as a base to accept a proton from the acid. An oxonium ion is 


formed. 
t = = 
(CH3)3COH Н-С: ————> (Снус-д +:С: 
H 


Step 2 The protonated alcohol dissociates to a water molecule and a carbocation. 


H H 
+ / | 
(CH3)3C – О: -- (CH3)3C+ + : 0 : 
H H 


Step 3 The carbocation undergoes combination with a chloride ion to give the chloroalkane 
product. 


(CH3)3C+ + :Ck EE d (CH3)4CCI: 


85% yield 
from the alcohol 


might be so slow that overall product formation arises by a different route. For example, we saw 
in Chapter 5 that a direct nucleophilic attack can occur on an oxonium ion. This type of process 
is particularly common for the reaction of most primary alcohols with hydrogen halides. For 
example, if we heat 1-butanol with hydrobromic acid (or with concentrated sulfuric acid mixed 
with sodium bromide) 1-bromobutane forms from direct nucleophilic attack of the bromide ion 
on the oxonium ion in a two-step mechanism. No carbocation forms in these reactions. 
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Mechanism of the Reaction of Hydrogen Bromide with 
1-Butanol 


Overall: 


T HBr ss ss 
CH4CH;CH;CH;OH ----> СНЗСН,СН,СНВг: + НО 


Step 1 The protonated alcohol (oxonium ion) forms with 1-butanol in Ше usual manner. 


+ ee 
CH5CH;CH;CH,; m T —H + :Br:7 


CH4,CH,CH,CH,—O0—H + HBr: 
3 2 2 2 sa vw 
H 


Step 2 A bromide ion performs a nucleophilic displacement on the oxonium ion. No carboca- 
tion intermediate is involved. 


:Br: 


ША 


CH,CH,CH,CH,—0—H 77” :Весн,сн;сн,сн; + 


z-9-m 


H 


DouBLe-BoND FORMATION 


We now meet for the first time an important process, the conversion of a carbocation to an alkene 
through Ше loss of a proton to a suitable Brgnsted base. Brønsted bases аге able to remove a 
proton from positions adjacent to the positive center of carbocations. Simultaneously, the 
electrons of the original carbon-hydrogen bond move toward the positive center to form a 
carbon-carbon т bond, as shown in Equation 7.6. 


” МА "m 


H:Base 


Abstraction of the proton leaves a (formally) full orbital at the carbon adjacent to the carbo- 
cation site. As reaction proceeds, the hybridization (mix of orbitals the carbon uses to form 
bonds) at this carbon atom changes from sp? to sp?. A free (full) p orbital is generated, which 
then overlaps with the (empty) p orbital on the adjacent (positive) carbon atom to produce the 
carbon-carbon л bond of the alkene product. 
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When we convert an alcohol to an alkene by means of a carbocation intermediate, the overall 
reaction is an elimination reaction, as the elements of water (H and OH) are eliminated from 
adjacent carbon atoms. This reaction constitutes an important method for the preparation of 
some alkenes. An alcohol is heated under reflux with a concentrated acid such as sulfuric or 
phosphoric acid. After an hour or so, an alkene can be recovered from the reaction mixture. 


Molecular Orbital Analysis 


Alkenes from Alcohols by Elimination 


The conversion of the intermediate carbocation to the final alkene product can be viewed in terms of 
a base donating its electron pair to the (empty) 6% orbital associated with the carbon-hydrogen bond 
of the carbocation. The (filled) о orbital of that bond is in position to interact with the empty p orbital 
of the tricoordinated carbon to generate the new m bond, as illustrated in Figure 7.10. 


(a) 


-— ` 
filled orbital 
on base 


empty p orbital 


o* of 
C-H bond 
(empty) 
(b) 
б of 
C-H bond 
(full) empty p orbital 


FIGURE 7.10 Formation of a x bond by deprotonation of a carbocation. (a) А base 
approaches to interact with the empty с* orbital of the carbon-hydrogen 
bond. (b) The filled c orbital of the same bond is in position to form a new 
x bond by interacting with the empty p orbital on the adjacent carbon 
atom. 
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Two examples of alkene formation from alcohols are illustrated in Equations 7.7 and 7.8. 
T 
2 


OH OH 
2 


2-methyl-2-butanol 
H,O 


у=” + H30* 


2-methyl-2-butene 


82% yield (Eq. 7.7) 
T 
НЗС ОН НЗС OH; НЗС 
+ 
H5SO, 
=> > + H50 
H,O 
CH3 
+ H30* 


1-methylcyclohexene 
91% yield (Eq. 7.8) 


The elimination reaction leading to alkene formation competes with the previously discussed 
substitution reactions because any potential Brgnsted base can also function, in principle, as a 
nucleophile to form a new bond to carbon. However, not all Brgnsted bases are good nucle- 
ophiles. Thus, slightly different reaction conditions may be used to produce different products. 
For example, 2-methyl-2-propanol upon treatment with concentrated hydrochloric acid yields 
2-chloro-2-methylpropane. A substitution reaction has occurred, a chlorine atom having taken the 
place of the hydroxyl group of the original alcohol. However, when the same alcohol is treated 
with concentrated sulfuric acid, methylpropene is the major product—elimination has occurred. 
These reactions are illustrated in Figure 7.11. 
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H3504 methylpropene 
elimination 90% yield 


reaction 


HCl 


substitution СІ 
reaction 


(CH44COH 


2-chloro-2-methylpropene 
85% yield 


Figure 7.11 Different reactions of tert-butyl alcohol with sulfuric and hydrochloric acids. 
The bisulfate anion, Н5О4 , formed in the initial reaction involving sulfuric 
acid, is not a sufficiently good nucleophile to capture (i.e., react with) the tert- 
butyl cation. It is, however, a sufficiently good Bronsted base to remove a 
proton from the alkene. Chloride ion is a good nucleophile that readily 
captures the intermediate carbocation, in competition with its action as a 
base to cause elimination. 


In later chapters we will learn much more regarding competing elimination and substitution 
reactions and the proper choice of reaction conditions. We will also consider those attributes that 
render a nucleophile to be potent or poor. 


7-7 SKELETAL REARRANGEMENTS OF 
CARBOCATIONS 


Many carbocations have been generated and studied. Most are highly reactive species. That is, 
they can not be isolated and stored (as salts). They readily undergo reactions that complete the 
octet of electrons about the positively charged carbon center, usually by reacting with a species 
in solution (a nucleophile or a base), as has been described in the previous sections. However, 
carbocations may undergo other reactions prior to completing their octet of electrons. 

A common reaction that carbocations may undergo is a skeletal rearrangement. If such a 
rearrangement occurs, the product ultimately isolated from the reaction mixture has the carbon 
skeleton determined by the rearranged carbocation. Consider as an example the reaction of 
3,3-dimethyl-2-butanol with sulfuric acid. The major product isolated is 2,3-dimethyl-2-butene, 
a compound whose carbon skeleton is rearranged compared with that of the starting alcohol. The 
product distribution is shown in Equation 7.9. A detailed consideration of the mechanism is 
required to understand this product distribution. 

The rearrangement shown is conveniently viewed as a migration. A group moves to the 
positively charged carbon from the immediately adjacent carbon atom. Other, more remote 
groups, do not migrate. We consider the migrating group as moving with its bonding electron 
pair, leaving behind a new carbocation site. 

Rearrangements are most favored if they lead to a more stable carbocation than existed 
initially. In the system just described, a secondary carbocation rearranged to give the more stable 
tertiary carbocation. 

The migration that occurred was that of an alkyl group with its bonding electron pair. We 
refer to this migration as an alkide shift. In this example the alkide shift was specifically a 
methide shift since a methyl group migrated with its bonding electron pair. We sometimes 
illustrate such a shift as shown in Figure 7.12. 
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2,3-dimethyl-1-butene 


31% yield 
H 
2504 p^ 
OH 
. 3,3-dimethyl-1-butene 
3,3-dimethyl-2-butanol 3% yield 


2,3-dimethyl-2-butene 
61% yield (Eq. 7.9) 


Mechanism of the Acid-Catalyzed Dehydration 
of 3,3-Dimethyl-2-butanol 


Step 1 Protonation of the alcohol occurs to give an oxonium ion, as in the previously examined 
reactions of alcohols and acids. 


CH; CH; 
H5SO, | 
нат =н —CH, ---- ве "XH —СН + HSO,- 


CH, OH CH; OH; 
+ 


Step 2 Heterolysis of the carbon-oxygen bond of the oxonium ion occurs to form a water 
molecule and a secondary carbocation. This is the point of divergence for the several 
products. 

(Es СН; 
H,C о СН, ——— err —CH; + H,O 
+ 


CH, ОН, CH, 
+ 
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Step 3 A Brgnsted base in the reaction system abstracts a proton from the carbon atom adjacent 
to the carbocation center, forming the direct elimination product. Note that only 396 of 
the product results from this route. 


CH; H н; 
мо "сн, — ч зын —CH, + H-B' 
T 
CH; CH; 


3% yield 


Step 4 The initially formed 2? carbocation rearranges to a more stable 3? carbocation. We 
illustrate this rearrangement as occurring through the movement of a methyl group 
with an electron pair from one carbon atom to an adjacent one. 


CH; CH; 


| | 
H4C—C—CH —CH, ——— H,C—C—CH —CH, 
+ * | 
CH; 


Step 5 A Brgnsted base іп the reaction system abstracts a proton from a carbon atom adjacent 
to the positively charged carbon atom. The two possible ways in which this can occur are 


shown. 
P P 

H СН; СН; 

В: 31% yield 
:В 
СН; H CH; 
[yl | 
Н.С Gs M ------ x ER + H-B* 
СН; СН; 


61% yield 
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Although there are 6 possible hydrogens that could be removed to generate the 2,3-dimethyl- 
1-butene and only 1 such hydrogen that could be removed to generate the 2,3-dimethyl-2-butene, 
the inherent stability of the latter product lowers the activation energy for the latter process such that 
it is the dominant process. 


T СН; 


А 
HC H 


Ғісиве 7.12 Migration of a methyl group with its bonding electron pair in a carbocation. 
The alkyl group moves from one carbon atom to the adjacent tricoordinated 
positively charged carbon taking with it the bonding electron pair originally 
holding it to the first carbon atom. At no time is a free CH3 group involved. 
The new carbocation is more stable than the original one. 


CH; М CH 
НСС Ж > НСС / i 
\` ic 
H H H 


Figure 7.13 Hydride shift іп a carbocation rearrangement. The hydrogen moves to the 
original carbocation site from an adjacent carbon atom, bringing with it its 
bonding electron pair. At no time is a free hydride ion (H: ) involved. 


The transfer of a methide group is not the only type of skeletal rearrangement that can occur 
with a carbocation. Transfers of significantly larger alkyl groups are quite common. Further, 
transfer of a hydrogen along with its bonding electron pair can also occur readily. This migration 
is known as a hydride shift. Again, transfer occurs from a carbon atom adjacent to the positively 
charged carbon. An example of such a shift is shown in Figure 7.13 for the rearrangement of the 
3-methyl-2-butyl cation to the 2-methyl-2-butyl cation. 

In general, an equilibrium is established between the initial and the rearranged carboca- 
tions. With highly branched alcohols, treatment with an acid can lead to a considerable number 
of different carbocations in dynamic equilibrium with each other. The presence of several car- 
bocations at the same time in a reaction mixture usually leads to a complex mixture of 
products. This situation often precludes the use of carbocation reactions for the clean prepara- 
tion of a single product. 

A final point of note is that migrations occur in acid media involving poorly nucleophilic 
conjugate bases, such as sulfuric, phosphoric, and perchloric acids. 
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Molecular Orbital Analysis 


The Rearrangement of Carbocations 


We might ask how alkide and hydride shifts actually do occur in carbocations. We know that the free 
anions do not separate from the main skeleton and then recombine with it. Rather, the alkide or hydride 
migrates along the intervening O bond without becoming totally removed from that bond. We can con- 
struct orbital pictures that illustrate these migrations. Figure 7.14a illustrates the orbital arrangement for 
a hydride shift and Figure 7.14b similarly illustrates the orbital rearrangement for an alkide shift. 


FIGURE 7.14a Orbital arrangement for hydride migration in a carbocation. In the 
structure on the left, the p orbital is empty and the orbital for 
the carbon-hydrogen o bond (a o molecular orbital) is full. We consider 
this pictorially as having the o bonding orbital breaking into its two 
components, the p orbital of carbon and the s orbital of hydrogen, as the 
hydrogen begins to migrate (center view). As the migration begins 
(center view) the s orbital associated with the hydrogen interacts with 
both the p orbital at the target site (the original carbocation site) and the 
developing p orbital at the carbon from which it is leaving. At this point 
three orbitals are interacting simultaneously with a pair of electrons 
shared among them. A positive charge is now associated with the entire 
orbital system. This situation has sometimes been referred to as e/ectron 
deficient bonding. Finally, as the shift is completed (in the structure to 
the right), the hydrogen is completely bound to the target carbon atom 
by a o molecular orbital, leaving an empty p orbital at the carbon to 
which it was originally bound. 


Figure 7.14b Orbital arrangement for alkide migration in a carbocation. This is entirely 
analogous to the process illustrated in Figure 7.14a. The difference is that 
the group migrating is an alkide group (an alkyl group with its pair of 
electrons) and is using an sp? orbital rather than an s orbital (as with 
hydrogen). 


CHAPTER 7 + CARBOCATIONS AND RADICALS AS REACTION INTERMEDIATES 191 


7.8 DRIVING FORCE FOR REARRANGEMENT OF 
CARBOCATIONS—THE LACK OF REARRANGEMENT 
WITH RADICALS 


There is an important difference between carbocations and the structurally related free radicals. 
The rearrangements described for carbocations do not occur with radicals. If radicals are pro- 
duced in a reaction, the eventual product has the same carbon skeleton as the reactant. 

This fact is interesting because carbocation rearrangements are sometimes observed even if 
the newly formed carbocation is less stable than its precursor. That is, rearrangement can occur 
even if the rearrangement is “uphill” in terms of overall energy. Such uphill rearrangements are 
commonly observed when the newly formed carbocation can itself rearrange to something more 
stable than its predecessors. Radicals, on the other hand, do not undergo rearrangements even 
when the product radical would be more stable. The difference between radicals and carboca- 
tions can not, then, be attributed to the magnitude of the overall energy change but rather must 
be due to the magnitude of the energy barriers to the two types of rearrangements. That is, we 
infer that higher energies of activation (see Chapter 6) must be involved with radical rearrange- 
ments than are involved with carbocation rearrangements. 

We can analyze this difference a little further. For both types of rearrangements we can 
imagine the migrating group transferring from one atom to a neighboring atom without ever 
becoming detached, and at a time is attached to both. (See Figure 7.14a and Figure 7.14b for 
carbocations.) As the migrating group begins to migrate, the bond to its original point of con- 
nection must begin to weaken, and the energy content of the system will accordingly be 
required to be higher. We can imagine how this required energy content will be increasing until 
the migrating group is midway between the initial and final points of attachment. The required 
energy for the migrating system is now at a maximum, and this required energy maximum is 
the activation energy for the process. As the migration continues, the required energy content 
decreases progressively as the bonding continues to develop between the migrating group and 
its new point of attachment. 

The structure corresponding to the state of highest energy requirement is referred to as 
the transition state (when speaking of energy requirement) or activated complex (when 
speaking of the actual structure at the transition state) for the rearrangement. Now, make a 
mental comparison of the activated complexes for rearrangements of a carbocation and a rad- 
ical of identical carbon skeletons. We can imagine that the activated complexes would be 
quite alike in many ways. In particular, we would expect the orbital structure of both species 
to be quite similar. However, a radical contains one more electron than the corresponding 
carbocation, and this additional electron must occupy a higher energy orbital! (Any orbital 
can contain only two electrons.) The extra electron must occupy one of the higher energy 
orbitals for the associated complex. Occupation of a higher energy orbital correlates with a 
higher energy requirement for the activated complex for rearrangement of a radical compared 
to a structurally corresponding carbocation. We infer that the activation energies for radical 
rearrangements are too high to allow the process to progress at any significant rate under nor- 
mal laboratory conditions. These arguments are summarized in Figure 7.15. 
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7.9 THE SHAPES OF CARBOCATIONS AND RADICALS 


Simple VSEPR theory predicts that carbocations should have a trigonal planar shape. Indeed, we 
find that the properties of carbocations are completely consistent with such a shape. If planarity 
is prevented for any reason, loss of stability results. In the extreme situation we find that it is 
virtually impossible to generate a carbocation if it can not be planar. In later discussions we will 
look at some examples of this phenomenon. 

We describe carbocations as having sp? hybridization. The hybrid orbitals form the o bonds 
to adjoining atoms, and the unhybridized p orbital is empty. We commonly picture carbocations 
as shown in Figure 7.16. 

The geometry about the central carbon atom in free radicals is not as well defined as that 
about a carbocation site. There are examples of free radicals in which the geometry is not planar. 
More will be said about the consequences of non-planar radical structures after additional 
concepts of molecular shape are developed in the next chapter. 


Activated Complex 


Energy 


Activated Complex 


Larger 


Smaller Energy of Activation 


Energy of Activation 


Beginning 
Carbocation 


Beginning 
Radical 


Rearranged Rearranged 
Carbocation Radical 


Progress of reaction 


Figure 7.15 Carbocation and radical rearrangements. The energy requirements 
accompanying the migration of a group are shown in these diagrams. Energy 
requirement increases as migration begins, reaching a maximum energy 
requirement for the structure at the transition state, the activated complex. 
The activated complexes for cations and radicals are similar with identical 
carbon skeletons undergoing rearrangement; in particular, they have similar 
orbitals. However, a radical has one more electron than does the 
corresponding carbocation. At the transition state this extra electron must 
occupy a higher energy orbital, which correlates with an increased energy for 
the transition state. The activation energies for radical rearrangements are 
thus higher than those for the corresponding carbocation rearrangements. 
Radical rearrangements are not observed under usual laboratory conditions. 
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В!,, \ 


В 
R \ 
sp? 


Figure 7.16 Carbocation structure. The central carbon atom is sp? hybridized. Тһе 


attached groups are present in a planar trigonal array about the positively 
charged carbon site. The unhybridized p orbital is empty. 


* 


Carbocations can be generated from certain alcohols by treating them with acids. The 
more highly substituted the alcohol is on the carbinol carbon atom, the more readily it will 
form a carbocation. 


Tertiary carbocations are more stable than are secondary carbocations, which are more 
stable than are primary carbocations, which are more stable than is the methyl cation. 


Once generated, carbocations are capable of undergoing a variety of reactions. 


Carbocations are capable of forming a new covalent bond by reaction with a Lewis base. 
Either an anion or a neutral Lewis base (an electron-pair donor) has the fundamental 
ability to form a covalent bond to a carbocation center. Potent nucleophiles will form this 
new bond more readily than poor nucleophiles. 


Carbocations can undergo other reactions before or instead of combining with a 
nucleophile, particularly if no potent nucleophile is present. 


Carbocations may undergo an alkide or a hydride shift from an adjacent carbon atom to 
generate a new carbocation. Generally these rearrangements produce a more stable 
carbocation than the original one. 


Carbocations may react with Brgnsted bases to lose a proton from a carbon atom adjacent 
to the carbocation site and produce an alkene. 


A free radical is a neutral species with a single electron in a non-bonding orbital on 
carbon. 


Although carbocations and free radicals are both electron-deficient, they exhibit quite 
different chemistry. 
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* Carbocations are formed by the heterolysis of bonds. With protonated alcohols, the 
carbon-oxygen bond undergoes heterolysis. 


* Free radicals are formed by homolysis of a bond. 


* While carbocations readily undergo rearrangement, free radicals rarely do. 


Terms to Remember 


intermediate enthalpies skeletal rearrangement 
reaction rate radical alkide shift 

homolytic bond cleavage heterolytic bond cleavage hydride shift 
endothermic carbocation transition state 
exothermic hyperconjugation activated complex 
bond dissociation energy elimination reaction 


Reactions of Synthetic Utility 


The reactions summarized below are noted as being useful for either tertiary or primary alcohols. 
Secondary alcohols may also be used with certain of these reactions, but rearrangements often 
decrease their synthetic utility significantly. 


14. сон —НХ = RCX 


3°; X = Cl, Br, I 


15. RxC— CHR; 8504 НО, R,C=CR, 
OH 
3° 
acid 
16. ЕСОН — — — RCH,X 
MX 


(Н25Од with NaBr, ог НзРОд with КІ) 


H5SO4, НО 
17. ЕСН;СН,Н — — — — —- . RCH-CH, 


Note: The dehydration of 1° (and 2^) alcohols to alkenes 
may be complicated by rearrangement of the intermediate 
carbocation. 
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Ketone 
6,7 
10.11,13 
5 9,12 
Phosphate Ester < _ Alcohol _ —~_ Carboxylic Acid 


8,9,10,12,13 


9,12 


Aldehyde 


Haloalkane Alkene 


Problem 7.1 


The reaction shown below is a free radical process that occurs in the combustion of 


methane. Use the bond dissociation energies given in Table 7.1 to calculate AH for the 
reaction. 


HO: + CH, --------->- њо + CH, 
hyd 1 methyl 
radica] radical 


(answer) 


Problem 7.2 


The reaction shown below is one of the free radical steps in the reaction of methane with 


chlorine. Use the bond dissociation energies given in Table 7.1 to calculate AH for this 
reaction. 


:С: + CH, — > HCI: + Сн; 
chlorine methyl 
atom radical 


(answer) 


Problem 7.3 

When ethers are stored for extended periods of time, they react with oxygen from the air 
to form organic peroxides and hydroperoxides (structures shown below). These materials 
are thermally unstable and present an explosion hazard. The instability is associated with 


the weak oxygen-oxygen bond in each, which undergoes facile homolysis. What species 
are formed by these homolyses? 


:0- ОН 
RCH—O—CH,R 


organic hydroperoxide 


| 
RCH, ос -0--0--сносшя 
H 


organic peroxide 


(answer) 


Problem 7.4 


Compare the energy needed for the heterolysis of hydrogen fluoride into Н? and Е with 
that needed for the heterolysis into H` and Е“. Use the following data along with the data 
from Table 7.1. 


Element Ionization Potential Electron Affinity 
H 314 kcal/mole -17.2 kcal/mole 
F 401 kcal/mole -79.3 kcal/mole 


(answer) 


Problem 7.5 


Consider carbocations of the formula С5Ни*. Write all structures of this formula that are: 


a) primary carbocations 
b) secondary carbocations 
с) tertiary carbocations 


(answer) 


Problem 7.6 
Treatment of 1-propanol with sulfuric acid produces a compound of formula CeH 4О that 


does not react with sodium metal. Suggest a structure for this compound and a 
mechanism for its formation. (Hint: 1-Propanol can act as a nucleophile.) 


(answer) 


Problem 7.7 


Consider the reaction of 2,3-dimethyl-2-butanol with concentrated sulfuric acid in the 
absence of a good nucleophile. These conditions are conducive to the formation of 
alkenes. More than one alkene can result from this reaction. Explain how more than one 
alkene could be formed and draw the structure of each. 


(answer) 


Problem 7.8 
A student plans to synthesize 1-pentene (HyC=CHCH2CH2CHs) by heating 2-pentanol 


with concentrated sulfuric acid. What problems do you envision in the accomplishment 
of this goal? 


(answer) 


Problem 7.9 


Upon treatment of 3-methyl-2-pentanol with hydrochloric acid, a carbocation is 
generated that undergoes rearrangement. Suggest a structure for the initially formed 
carbocation. Also give structures for the rearranged carbocation and the major product, 
which has the formula C6H;3C1. Tell whether the rearrangement occurred with an alkide 
shift or a hydride shift, and explain why one occurred rather than the other. 


(answer) 


Problem 7.10 


Use the curved-arrow formalism to show how each of the following reactions would 
occur. 


a) OH H, SO; 
— > --- 


b) 
OH 


(answer) 


Problem 7.11 


A fundamental principle in the mixing of atomic orbitals to generate new (hybrid or 
molecular) orbitals is that you do not create nor do you destroy energy-space (orbitals) 
for electrons. In the central species in the hydride migration as shown in Figure 7. 14а, 
three atomic orbitals are used to construct the three-centered molecular orbitals (C-H-C). 
The orbital shown is the lowest energy of three molecular orbitals that could be 
constructed from the three atomic orbitals (a p orbital from each of the carbon atoms and 
an s orbital from the hydrogen) and contains the two electrons involved. Draw the 
remaining two three-centered molecular orbitals (that are empty) for this system having 
the hydrogen migrate. 


(answer) 


Problem 7.12 


Calculate AH for each of the following reactions: 


a) CH, + В -----” CHBr + НВг 

b C,H «Cl, ---- сона + на 

0 Н +10, — 2HI 

d) (CH3)3COH + НА — — —— | (СНС + H,O 


(answer) 


Problem 7.13 


Suppose ethane is heated until the molecule starts to fragment. Which bond do you 
expect to break first? What fragments will form? Explain your answers. 


(answer) 


Problem 7.14 


The oxygen-chlorine bond of HOCI can break in different ways. Write equations for 
these processes and show any formal charges associated with the fragments. 


(answer) 


Problem 7.15 


Consider all possible migrations that might occur to the electron-deficient carbon of the 
carbocation shown below. Use the curved-arrow formalism to show these migrations, and 
draw the structures of the rearranged carbocations. Consider only those primary 
rearrangements, those rearrangements directly involving the skeleton and charge location 
as shown in the structure. (Secondary and following rearrangements would involve a 
significantly larger number of possible structures.) Which of these primary rearranged 
carbocation structures would you expect to be the major component of an equilibrium 
mixture of all of these carbocations? 


Н.С Н Н 
\ | 


/ 
<. 
HC H | 
не “онын, 


(answer) 


Problem 7.16 


Give the structure of the major organic product formed in each of the following reactions: 


a) 
b) 
с) 
d) 
e) 
f) 


1-butanol treated with potassium iodide in phosphoric acid 
2-methyl-2-butanol treated with aqueous sulfuric acid 
2,3-dimethyl-2-butanol treated with aqueous sulfuric acid 
3-methyl-3-hexanol treated with zinc chloride in hydrochloric acid 
4-ethyl- 1-hexanol treated with hydrochloric acid 


4-ethyl-1-hexanol treated with sodium bromide in sulfuric acid 


(answer) 


Problem 7.17 


Give the structure and the IUPAC name of the major product formed when each of the 
following alcohols is treated with hydrogen bromide: 


a) 2,3-dimethyl- 1 -pentanol 

b) 2-methyl-2-butanol 

с) 2,4-dimethyl-3-hexanol 

d) 2,2,6,6-tetramethyl-3-heptanol 
e) 4-ethyl- 1-hexanol 

f) 3-methyl-2-butanol 


(answer) 


Problem 7.18 


Primary carbocations are generally less stable than other types of carbocations. However, 
both methoxymethyl bromide (СНҘОСН;Вг) and allyl bromide (Н-С-СНСН;Вг) readily 
lose bromide ion to form rather stable cations. Suggest a reason for the “unusual” 
stability of these cations. 


(answer) 


Problem 7.19 


The treatment of 2,2-dimethyl-1-propanol (neopentyl alcohol) with sulfuric acid results in 
the formation of two alkenes. Give their structures, and write a mechanism for the 
formation of each using the curved-arrow formalism. Predict which will be formed in the 
greater amount. 


(answer) 


Problem 7.20 
Consider the reaction of 1-butanol with a strong acid. 


a) If the initially formed oxonium ion undergoes heterolysis of the carbon-oxygen 
bond, what carbocation would result? 


b) To which carbocation would it rearrange? 

с) Which bromoalkane of formula C4H9Br would you expect to be formed if HBr 
were the acid, assuming the reaction proceeded according to the steps alluded to in parts 
a) and b)? 

d) The actually product from 1-butanol reaction with HBr is 1-bromobutane. What 
does this result tell us about the mechanism of the reaction? What is the actual 


mechanism by which product forms? 


e) When the acid used is sulfuric acid, 2-butene is the major product. Explain how it 
forms. 


(answer) 


Problem 7.21 


On treatment of butane-1,4-diol (HOCH2CH2CH2CH208H) with sulfuric acid, а 
compound of formula C4H$O is formed. This compound does not react with sodium 
metal. Give its structure and write a mechanism for its formation. 


(answer) 


Problem 7.22 


If tert-butyl alcohol is treated with sulfuric acid dissolved in 180 labeled water (i.e., 
ВОН), the ВО becomes incorporated into the tert-butyl alcohol. Write reactions to show 
how this could occur. 


(answer) 


Problem 7.23 


The structures shown below (A-D) all represent tertiary carbocations of formula CioHoi*. 
However, they are of different relative stabilities. Arrange them in order of increasing 
stability, and give an explanation for the order you assigned. 


С(СНз)з 
сн „сн, CH,),C* CH; CH, CH, —C + 
CH, CH 
A B 2 1013 
JCH(CH3)2 
СН з); CH]; C* CH; CH, CH,CH,—C + 
Р CH, CH; 


D 


(answer) 


Problem 7.24 


Treatment of 1-butanethiol (CH3CH2CH2CH2SH) with sulfuric acid and sodium bromide 
yields 1-bromobutane. Write a mechanism for this reaction. Would you expect this 
reaction to proceed faster or more slowly than the corresponding reaction of 1-butanol? 
Explain your answer. 


(answer) 


7.1-answer 


Consider solving this problem in two steps: 


Step 1. We need to focus on the bonds that are broken and the bonds that are formed in 
the overall process. One bond is broken (the CH3-H bond of methane), and one bond is 
formed (the HO-H bond of water). You should recall that bond breaking is always 
endothermic and bond forming is always exothermic. 


Step 2. Calculate the difference between the energy input required to break the carbon- 
hydrogen bond of methane and the energy released on forming the hydrogen-oxygen 
bond of water. The CH3-H bond cleavage is endothermic to the extent of 104 kcal/mole. 
The HO-H bond formation is exothermic to the extent of 119 kcal/mole. The difference is 
the AH for the process. 


АН = 104 - 119 2-15 kcal/mole 


A negative value for AH means that the reaction is exothermic. 


7.2-answer 


Calculate the difference between the energy input required to break the carbon-hydrogen 
bond of methane and the energy released on forming the hydrogen-chlorine bond of НСІ. 
The СН;-Н bond cleavage is endothermic to the extent of 104 kcal/mole. The Н-СІ bond 
formation is exothermic to the extent of 103 kcal/mole. The difference is the AH for the 
process. 


AH = 104 - 103 = +1 kcal/mole 


A positive value for AH means that the reaction is endothermic. 


7.3-answer 


:0—ОН Ye 
RCH—O—CH,R RCH—O—CH,R 


organic hydroperoxide 


EE. i | 
RCH, OC—O6—6—CHOCH,R --” ксн,0С-0- + :Ö—CHOCH,R 
H H 


organic peroxide 


7.4-answer 


For each consideration, the homolysis of H-F involves 136 kcal/mole. 


H—F: 
136 kcal/mole 
Y 
H + F 
314 kcal/mole -79.3 kcal/mole 
Y У 
H* Ее 


136 + 314 - 79.3 = 370.7 kcal/mole 


H—F: 
136 kcal/mole 
у 
Н + Е 
-17.2 kcal/mole 401 kcal/mole 
Y Y 
H ЈЕ: 


136 + 401 - 17.2 = 519.8 kcal/mole 


Overall, the process on the left is less endothermic than the process on the right, and 
thereby the process on the left is more favorable. 


7.5-answer 


a) 


b) 


с) 


1 
СНз СН, СН) CH;CH? 


+ 
CH 
/ 2 


+ HS 
CH,CH, —CH 
CH, 


CH, CH, CH, CHCH, 


+ 
CH, CH, CHCH, CH, 


+ сњ 
CH; CH-CH 
CH, 


7.6-answer 

The product is 

СЕ СН, CH, OCH, CH, CH; 

The mechanism of formation involves: 


S H,SO, m 
CH,CH,CH 20H ------ь CH,CH, жш 


H 


CH;CH;CH;OH 


PE 


CH, ch; CH, -0—H — —  CH4CH;CH;0CH;CH;CH; 
H 


zm 


7.7-answer 


With the carbocation from 2,3-dimethyl-2-butanol, 


ж ж 
ње, Cy 
C—C—H 
4 \ 
„ НЗС CH, * 


there are two different types of adjacent hydrogens that could be removed to generate 
alkenes. These are indicated by # (1 such hydrogen) and * (6 such hydrogens). The two 
alkene products that could be generated by removal of each type of adjacent hydrogen are 
so indicated by # (2,3-dimethyl-2-butene) and * (2,3-dimethyl-1-butene). 


# 


Ж 
X 


7.8-answer 


Several problems present themselves with this proposed reaction. Protonation of 2- 
pentanol would proceed to generate (through initial protonation of the hydroxyl oxygen 
and loss of water) the 2-pentyl cation. The 2-pentyl cation is a 2° carbocation, that would 
be perfectly capable of undergoing rearrangement to a different 2^ carbocation by a 
hydride shift as shown below. 


H 


HG `—& НЗС C 
NO hu — үе ~ са 
H H H H H H 


While the 2-pentyl cation could certainly undergo loss of a proton to a Brønsted base to 
generate 1-pentene, either of these two carbocations shown could have a proton removed 
by any Brgnsted base present to produce as well a mixture of cis- and trans-2-pentene, 
more stable alkenes than 1-pentene (greater degree of substitution about the C=C linkage 
and thereby more stable). In addition, further rearrangements of the 2^ carbocations can 
occur leading to a more stable 3° carbocation as shown below. 


BCT a i 
H 

ИХ 

H H H 


This involves at least two rearrangements from the original 2-pentyl cation, one an alkide 
shift (generating a 1° carbocation) and the other a hydride shift. These successive shifts 
can certainly occur quickly and lead to the 2-methyl-2-butylcation shown and additional 
alkene products. 


Overall, the choice of reaction conditions for preparation of 1-pentene is not a good one. 


7.9-answer 


Original carbocation: 


audae d 


a 2P carbocation 


Rearranged carbocation: 


A 


a 3Þ carbocation 


The alternative alkide shift would simply generate another 2° carbocation: 


do 


a 2P carbocation 


The product obtained by combination of the 3° carbocation with chloride ion is: 


қ 


3-chloro-2-methylpentane 


7.10-answer 


a) 


H 
+ 
—— ~ ) 


H T 


another 


a 2P carbocation 2P carbocation 


a 3P carbocation 


b) 


another 
2P carbocation 


7.11-answer 


and 


7.12-answer 


a) 


b) 


с) 


4) 


Break С-Н: 104 kcal/mole 
Break Br-Br: 46 kcal/mole 
Form C-Br: 70 kcal/mole 
Form H-Br: 87.5 kcal/mole 


Overall: -7.5 kcal/mole 


Break C-H: 98 kcal/mole 

Break СІ-СІ: 58 kcal/mole 
Form C-Cl: 81.5 kcal/mole 
Form H-Cl: 103 kcal/mole 


Overall: -28.5 kcal/mole 


Break H-H: 104 kcal/mole 
Break I-I: 36 kcal/mole 
Form H-I: 71 kcal/mole 
Form H-I: 71 kcal/mole 


Overall: -2 kcal/mole 
Break C-O: 91.5 kcal/mole 
Break Н-СІ: 103 kcal/mole 
Form C-CI: 78 kcal/mole 
Form H-O: 119 kcal/mole 


Overall: -2.5 kcal/mole 


7.13-answer 
The homolytic bond dissociation energies for the two types of bonds that are present are: 


C-H 98 kcal/mole 
C-C 82 kcal/mole 


Thus, the C-C bond, with the lower homolytic bond dissociation energy, will break first. 
This fragmentation will produce two methyl radicals, ВС. 


7.14-answer 


7.15-answer 


Many additional secondary and later rearrangements are possible. Only the primary 


possibilities are shown and evaluated. 


Н.С g 
3 H 
\ / 
HC— C—C + 
/ 
H,C СС = 
/ сн,сн; 
Н.С 
е 
as H 
| / 
Tes + 
H 
H a 
СН,СН; 
Н; 


H 
/ - CH(CHy), 


-— 


C 
/ ^ cuc H, 
H3C 


Of these rearranged carbocations, the most stable, and the one from which major products 
could be seen as being derived, is A. 


Other even more highly stabilized carbocations could be formed by secondary and further 
rearrangements. 


7.16-answer 


a) NN 
: p 
uM 
c) ~ 
d) D 4 
CI 

e) 

има. 
f "d 


7.17-answer 


a) 
Br 1-bromo-2,3-dimethylpentane 
b) 
T m 2-bromo-2-methylbutane 
Br 


c) 
қолаға 3-bromo-2,4-dimethylhexane 
Br 


d) Br 
» dodi d 3-bromo-2,2,6,6-tetramethylheptane 


1-bromo-4-ethylhexane 


e) 


Br 


Бен 2-bromo-3-methylbutane 


Br 


7.18-answer 


Both the methoxymethyl cation and the allyl cation are stabilized by interaction of the 
carbocation site with electron donating functionalities attached to that site. This can be 
illustrated by the resonance structures shown for each below. 


+ 
ВС... ОН) «о Н.С CH 
о > 3 5522 2 
H,C CH T 
2 2 
РЯ > PU QUE 


| 
H H 


7.19-answer 


A rearrangement must occur if neopentyl alcohol is to generate an alkene, since no 
hydrogen is attached to the carbon adjacent to the one originally bearing the alcohol. 
Directly generating a carbocation from neopentyl alcohol by its protonation and 
immediate dehydration is unlikely since it would be a primary carbocation, which is 
extremely difficult to form. Rather, as shown below, the oxonium ion rearranges in the 
process of losing water, and alkene formation follows. 


ID H/OSO.H T | қ 


ш-Ә-ш 


7.20-answer 


a) You would form the 1-butyl cation. 
CH,CH,CH,CH,* 


b) This would rearrange to the 2-butyl cation. 


+ 
СН;СН,СНСН; 
с) 2-bromobutane 
d) The result tells us the 1-butyl cation is never formed, as it would rearrange quite 


readily to the 2-butyl cation and give 2-bromobutane. The actual reaction proceeds by 
bromide attack on the initial oxonium ion. 


dou 
~ “Хон, 


+ 


А 
| 


е) Bisulfate anion is not a good nucleophile, so it does not attack the initially formed 
oxonium ion. Rather, the initially formed oxonium breaks down to the 1-butyl cation that 
rapidly rearranges to the 2-butyl cation from which the bisulfate anion abstracts a proton 

(acting as a Brønsted base). 


A XX mE 2c JS dM ШЫ 


7.21-answer 


HO E 


HSO, 


7.22-answer 


H,SO, + 


H, SO, 
Е call 


HOH 


18 OH, 


z-o-m 


7.23-answer 


C<B<D<A 


Stabilization of carbocations is associated with the number of C-H linkages adjacent to 
the carbocation site. The o bonding molecular orbitals for these C-H linkages are in 
position to donate electron density into the carbocation site and thereby stabilize it. 
Structure C has only 3 such linkages, whereas B has four, D has five, and A has six. 


7.24-answer 


After protonation of the 1-butanethiol: 


% 
49 


We would expect this reaction to proceed faster than the reaction with 1-butanol since 
ELS is a better leaving group (is a stronger acid) than is H5O. 


STEREOCHEMICAL PRINCIPLES 


8.1 INTRODUCTION 


Stereochemistry is the study of the three-dimensional shapes of molecules. In general, we find 
that the spatial arrangement of atoms in a molecule is of fundamental importance in determining 
its chemical and physical properties. Accordingly, most studies of organic compounds and their 
reactions involve stereochemistry at some level. X-ray diffraction techniques can determine the 
exact three-dimensional structure of a molecule, as long as a sample is available in good crys- 
talline form. However, it is also possible to make less direct inferences about stereochemical 
aspects of chemical structures. 

As early as the nineteenth century, chemists had concluded that when four groups are 
attached to a carbon atom the bonding geometry is tetrahedral. They reached this conclusion 
long before X-ray diffraction techniques had been developed and long before there were any 
theories for predicting molecular geometry. We can appreciate the thought processes involved 
by looking at as simple a molecule as ethanol. If the geometry about carbon were either a square 
planar array or a pyramidal array, two isomers of C;H5OH could exist, as shown in Figure 8.1. 


Ехевстзе 8.1 


Using molecular models verify that there can be only one alcohol isomer of formula 
C;H5OH if carbon forms four bonds with tetrahedral geometry. To do this, make two mod- 
els of ethanol. Superimpose them (as much as is physically possible) to verify that they are 
identical. Now physically dismantle one of these models in order to exchange two (any 


two) of its groups (e.g., hydroxyl and methyl, or hydrogen and methyl) in their positions 
about the central carbon atom. Again superimpose the two models to verify their congru- 
ence. Make any other exchanges you find possible with one of the models, retaining the 
С»Н$ОН formula, to verify further that all changes result in regeneration of the original 
structure. 
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However, only one alcohol with the formula C;H5OH has ever been isolated. This finding is 
consistent with a tetrahedral geometry about carbon, as shown in Figure 8.2. 

In general, we can often infer geometry on the basis of isomer number (the number of 
isomers that are experimentally obtainable for a given formula). Conversely, we can always 
deduce the isomer number exactly from knowledge of bonding geometry. 

We need to know the geometry of bonding about carbon atoms in order to understand fully 
the mechanisms of organic reactions. Mechanisms provide models that describe the way nuclei 
and electrons are shifted in the course of a reaction. If we understand the mechanism of a 
reaction, we understand in principle how to control its course. 

Many reaction mechanisms require very specific geometrical relationships among the 
reactants. Moreover, molecules must at times adopt specific shapes for reactions to be possible. 
Such requirements are of particular importance for molecules in biological processes. Reactions 
occurring in biological organisms require more than the presence of the proper functional 


and 


square planar 


and 


pyramidal 


Figure 8.1 Hypothetical bonding geometries about carbon. (а) A square planar 
arrangement of groups about carbon presents two possible structures for an 
alcohol of formula C;HgO. One has the methyl and a hydroxyl along the 
same side of a square and the other has the methyl and hydroxyl groups 
across the square from each other. (b) A pyramidal geometry about carbon 
presents the same possibilities as does the square planar arrangement. 
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Figure 8.2 Tetrahedral geometry about carbon in ethanol. Only one type of ethanol has 
ever been observed, leading to the deduction of tetrahedral geometry about 
carbon. 


groups. The location of these groups within the molecule and the specific shape of the molecule 
are usually critical as well. 

We have already been concerned with some aspects of stereochemistry in earlier chapters. 
For example, we considered the relationship between bonding geometry and hybridization. In 
this chapter we will take a new and more detailed look at this topic. 
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8.2 ISOMER NUMBER IN THREE- AND 
FOUR-CARBON ALCOHOLS 


THREE-CARBON ALCOHOLS 


Consider alcohols of the formula C43H7OH. Two structures can be written, those of 1-propanol 
(8.1) and 2-propanol (8.2). These two alcohols are regioisomers (or positional isomers). 
They have the same formula, same skeletal structure of carbon, and the same functional group, 
but the location of the functional group along the skeletal structure of carbon is different for each. 


H OH 
CH4CH;CH;OH Nd 
H4C^ “СН; 
1-propanol 
8.1 2-propanol 
8.2 


FOUR-CARBON ALCOHOLS 


Consider alcohols of the general formula C4H9OH. Even more isomers are possible with this 
formula than with СӘНҘОН. Of the five possible isomeric alcohols of the formula C,H OH, three 
are shown in Figure 8.3. 

The remaining two isomers are secondary alcohols that are regioisomers of 1-butanol (but 
not of 2-methyl-1-propanol or 2-methyl-2-propanol) in that they share the same carbon skeleton, 
but differ in the position of the hydroxyl group. Further, these remaining two isomers differ from 
each other in an even more subtle way. Both can be described by the name 2-butanol, but they 
differ in that they are non-superimposable mirror images. Diagrams of these two structures are 
shown in Figure 8.4 along with their molecular models. The placement of the structures in 
Figure 8.4 emphasizes their mirror-image relationship. 

Notice that the two forms of 2-butanol shown in Figure 8.4 are not simply different 
conformations of a single molecule. Rotations about single bonds can not interconvert the two 
mirror-image structures. In fact, the two forms can be isolated from each other and stored 
without interconverting. It is simple to verify that we are indeed dealing with isomeric structures 
by attempting to superimpose models of the two molecules, as is demonstrated in Figure 8.5. 

Molecules that are not superimposable on their mirror images are said to be chiral (the Greek 
word chir means * hand"). The property of chirality is not limited to molecules. Any object that is 
not superimposable on its mirror image is said to be chiral. The most common example is our 
hands. The right hand is a nonsuperimposable mirror image of the left hand. Although we can 
bring a right hand and a left hand together palm-to-palm, we can not superimpose them—they 


CH;CH,CH,CH,OH _ (CH;),CHCH,OH (сн, Сон 


1-butanol 2-methyl-1-propanol 2-methyl-2-propanol 


Figure 8.3 Three isomeric alcohols of the formula СНОН. The three differ in their 
fundamental carbon skeleton. 
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Ехевстзе 8.2 


Construct molecular models of Ше two structures shown in Figure 8.4. Verify that they are 
not superimposable, as has been illustrated in Figure 8.5. 

Physically dismantle one of the two models you have constructed to exchange the 
positions of any two groups about the carbinol carbon atom. Is the resulting model 


superimposable on the unchanged model? Exchange a different combination of any two 
substituents of the carbinol carbon atom in the same model. Are the models now superim- 
posable? Continue switching different combinations of two substituents of the carbinol 
carbon atom and checking for superimposability of the two models. After how many 
exchanges are the models superimposable? When are they not superimposable? 


have a “handedness.” (If we attempt to superimpose the palms—as much as is allowed by 
physics—we find the fingers and thumbs do not correspond.) One consequence of this chirality 
is that a left hand does not fit properly in a right glove (vide infra). We will encounter similar phe- 
nomena in dealing with chiral molecules. Let us stress here what we mean by superimposable: if 
two objects are superimposable, we have no way of telling them apart; if the objects are not super- 
imposable, for example, a right and a left shoe, we can tell them apart. 


mirror plane 


Figure 8.4 Two forms of 2-butanol. These two structures are non-superimposable mirror 
images. 
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FicuRE 8.5 An attempt to superimpose two mirror-image structures of 2-butanol. Rotating 
the molecule on the right 180° about a vertical axis allows the ethyl group, the 
central carbon atom, and the hydrogen to be superimposed with the 
corresponding sites on the molecule on the left. However, the remaining hydroxyl 
and methyl groups are not superimposed on their corresponding sites on the 
molecule on the left. No amount of rotation in space allows all four groups 
attached to the central carbon to be superimposed on their corresponding 
members of the other isomer at the same time. 


Look again at the 2-butanol molecules shown in Figure 8.4. Notice that both show the same 
sequence of attachment for the component atoms. The carbinol carbon in each 2-butanol structure 
has the same four unlike groups attached to it. We say that both molecules exhibit the same con- 
nectivity (i.e., the same sequence of bonded atoms.) However, because of the tetrahedral geometry 
of carbon bonding, there are two different spatial arrangements (configurations) for these four 
groups. Molecules that have the same connectivity but a different configuration are called stereoiso- 
mers. We find that any molecule containing a single carbon atom bound to four different groups in 
a tetrahedral array is chiral, that is, it has a nonsuperimposable mirror image. We refer to the carbon 
atom bound to four unlike groups and thus generating the chirality as a stereogenic atom. (Such 
atoms have also been referred to as chiral centers, chiral atoms, or asymmetric centers.) 

In summary, 2-butanol exists in two stereoisomeric forms. The two forms are nonsuperim- 
posable mirror images of each other. While there is a close structural relationship between 
these forms, they are different. Stereoisomers that are nonsuperimposble mirror images are 
known as enantiomers. Since the two structures are different, we might expect them to have 
different physical and/or chemical properties. We will return to explore these differences later 
in this chapter. 
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FicuURE 8.6 А stereogenic carbon center. Enantiomeric forms of a molecule can exist 
whenever a single stereogenic carbon atom (or other stereogenic tetrahedral 
atom) is present. No amount of rotation of the structures in space will allow 
them to be superimposed. 


8.3 STEREOGENIC CARBON AND RACEMIC MIXTURES 


A substance can exist in enantiomeric forms whenever its structure is not superimposable on its 
mirror image. We have seen this situation occur for a molecule in which a tetrahedral carbon 
atom has four unlike groups attached to it. In general, enantiomeric forms will exist whenever a 
molecule has a single stereogenic atom, as shown in Figure 8.6. We describe such a molecule as 
being asymmetric (without symmetry). 

If a tetrahedral carbon atom does not have four unlike groups attached, it is not a stereogenic 
center. For example, the ethanol molecule does not have a stereogenic carbon atom. If we 
construct a model of an ethanol molecule and a model of its mirror image, we find that they are 
completely superimposable. (The exercise you did in Exercise 8.1 is illustrated in Figure 8.7 for 
ethanol.) The molecules are identical rather than being enantiomers. This example should alert 
you to be careful. Every molecule has a mirror image. However, only if the molecule and its 
mirror image are not identical (can not be superimposed) are they classed as enantiomers. 

A tetrahedral center with two or more identical groups attached is referred to as being 
achiral, that is, it is without chirality. For this reason only a single structure can be written (or 
isolated) for the alcohol of formula С›Н5ОН. No separation into enantiomers is possible. 


8.4 NATURALLY OCCURRING CHIRAL MOLECULES 


Most organic molecules found in nature are asymmetric. Usually, only one of the two possible 
enantiomers is actually found in a given biological source. In this section we will describe 
several examples of chiral molecules from biological sources. 

2-Methyl-1-butanol is the simplest chiral alcohol to occur naturally (by naturally we mean 
non-anthropogenically, outside of a laboratory—humans are part of nature and some work in 
laboratories/factories synthesizing chiral molecules). Only one of its enantiomers, that shown on 
the right in Figure 8.8, has been isolated from natural/biological sources. The other enantiomer 
is available only by synthesis in the laboratory. 
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FIGURE 8.7 Superimposable mirror images of the ethanol molecule. There is no stereo- 
genic center. Each of the (two) tetrahedral carbon atoms of the ethanol 
molecule has at least two identical groups attached to it. 


Fermentation of plant materials has long been used to prepare ethanol. 2-Methyl-1-butanol 
can be isolated as a by-product of the fermentation. After the ethanol has been removed from 
the fermentation broth by distillation, there remains a mixture of higher-boiling alcohols. This 
mixture is commonly known as fusel oil. The structure shown on the right side of Figure 8.8 is 
the form of 2-methyl-1-butanol isolated from fusel oil. Another primary alcohol that has a 
single stereogenic center and thus has enantiomeric forms is B-citronellol, which is shown in 
Figure 8.9. Each of these enantiomers is produced biologically, but in different organisms. 

а-Тегртео is a relatively simple, naturally occurring tertiary alcohol with a single stereogenic 
center. One difference between oc-terpineol and the previously described chiral molecules is that 
the stereogenic center here is part of a ring. The four attached groups here are -Н, -C(CH3);/0H 
and the two alkyl groups that join to form the ring. Examination of the structure in Figure 8.10 
shows that the sequences of atoms encountered going in opposite directions around the ring from 
the stereogenic center are not identical. Thus, the two alkyl groups are not identical. 

Another source of a-terpineol is cajeput oil. The material isolated from this source is a 
mixture of equal amounts of the two enantiomers. Such a mixture is known as a racemic 
mixture. We are unable to separate the two components of a racemic mixture without the use of 
some special technique. We will discuss this problem further in the next section, and techniques 
that can be used to separate enantiomers will be covered in a later section of this chapter. 

The phenomenon of chirality is found over the entire range of organic molecules, particu- 
larly those of biological origin. For example, alanine (8.3), the simplest chiral amino acid, is 
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FicuRE 8.8 Enantiomeric forms of 2-methyl-1-butanol. Only the structure shown on the 
right has been isolated from biological sources. The structure of the left has 
been generated in laboratory preparations. 


almost always encountered as the single enantiomer shown. Similarly, the carbohydrate 
glyceraldehyde (8.4) contains a single stereogenic carbon atom. Derivatives of it are produced 
in living organisms only with the chirality shown. 

We will have much more to say about these and related compounds in Chapters 24 and 26. 
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Figure 8.9 Enantiomeric forms of p-citronellol. The structure shown on the left occurs 
naturally in the geranium plant. The structure on the right is obtained from oils 
isolated from plants native to Sri Lanka and Java. These materials are used in 
perfumes. 


8.5 EXPERIMENTAL OBSERVATION OF ENANTIOMERS 


We have seen that nonsuperimposable mirror images of a given item are different forms of that 
item, albeit closely related forms. Different forms of molecules are different isomers, and, as we 
noted previously, we anticipate that different properties will be associated with isomeric 
structures. But what differences in properties distinguish enantiomeric molecules? Let’s 
consider some chemical and physical characteristics of the enantiomeric forms of 2-methyl-1- 
butanol. 


CHAPTER 8 + STEREOCHEMICAL PRINCIPLES 207 


mirror plane 


Hi, г, 
Н.С сн; 


HO 
CH; 


Figure 8.10 Enantiomers of a-terpineol. Each enantiomer тау be isolated in pure form 
from plants. The structure shown on the left is isolated from longleaf pine oil, 
while that shown on the right is a constituent of petitgrain oil. Both 
substances are used in perfume. 


When we analyze each enantiomer for percentage composition and molecular weight, we get 
identical results: 68.13% C, 13.7296 H, 18.15% O, and a molecular weight of 88 g/mole. (This 
should not be at all surprising since these molecules are isomers.) If we measure the solubility 
of each enantiomer in water, methanol, ethanol, or hexane, we again find them to be identical. 
Moreover, these enantiomers exhibit the same melting temperature, boiling temperature, and 
index of refraction (variation of the speed of light as it passes through the material). In fact, we 
find them to be identical in a// of their common physical properties. While we could easily 
distinguish 2-methyl-1-butanol from other compounds of the formula СНО on the basis of 
these physical properties, we can not distinguish between the members of the enantiomeric pair. 
This situation is not unique to 2-methyl-1-butanol—we find that the two members of each 
enantiomeric pair exhibit exactly the same common physical properties. 

When we look at the chemical properties of a pair of enantiomers, we find that they react in 
the same way with a large variety of common reagents. For example, their acidities are the same, 
and their rates of reaction with phosphorus trichloride are the same. For that matter, the rates of 
reaction of the two enantiomers of 2-methyl-1-butanol are the same with any of the reagents for 
which we have discussed the reactions with alcohols. 
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Consider another reaction, the oxidation of each enantiomer of 2-methyl-1-butanol with 
chromic anhydride in sulfuric acid, as shown in Figure 8.11. In these reactions we do get a 
different product from each enantiomer. However, each of the products forms at the same rate 
and the products themselves constitute a pair of enantiomers. 

Our earlier question still has not been answered. Although enantiomers are different mole- 
cules, all the examples of their behavior that we have considered so far show them to behave 
identically. Even so, there are important ways in which they differ. Having considered the ways 
in which enantiomers are alike, we will now turn our attention to the ways in which they differ. 

The principal physical difference between enantiomers is the way in which each interacts with 
plane-polarized light. Each enantiomer of a pair rotates the plane of plane polarized light by an 
equal amount in opposite directions. We say that such molecules are optically active. To help in 
understanding this property, we will review some of the characteristics of light. (For a complete 
review of the characteristics of light, reference should be made to an undergraduate physics text.) 

Light is an example of electromagnetic radiation, indicating that it has both electric and 
magnetic characteristics. Light can be thought of as a wave in which magnetic and electric field 
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Figure 8.11 Oxidation of enantiomers of 2-methyl-1-butanol. The oxidation of the two 
enantiomers of 2-methyl-1-butanol leads to two different products. These 
two products, however, constitute an enantiomeric pair for 2-methylbutanoic 
acid. These two products have corresponding properties just as the 
enantiomeric forms of 2-methyl-1-butanol do. 
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components are perpendicular to each other and to the direction of propagation of the wave, as 
is illustrated in Figure 8.12. 

Consider a beam of light from a monochromatic source (that is, the light emitted has only 
one wavelength). It has an electric component that is randomly distributed in all directions per- 
pendicular to the direction of propagation of the light beam (and a magnetic component with a 
similar random distribution of its vector, perpendicular to both the direction of propagation of 
the beam and the component electric vector). Figure 8.13 is a cartoon representing an end-on 
view (the beam is being propagated directly at the viewer) of some of the electric vectors of 
this light beam. 

If a beam of light passes through a polarizer, only light that has an electric vector in a par- 
ticular direction is transmitted. A typical polarizer is a prism constructed from crystallized 
calcium carbonate (Iceland Spar); light with one direction of electric vector is transmitted and 
the rest is reflected. (This type of prism is called a Nicol prism, after its inventor, William Nicol.) 
A Polaroid lens can be made of plastic with all the polymer molecules of the plastic oriented in 
the same direction. For a particular orientation, light rays with that direction of polarization can 
pass through, but light rays with the perpendicular polarization are not transmitted. The effect 
of a polarizer is represented graphically in Figure 8.14. 

Plane-polarized light has some intriguing characteristics. As it is propagated (passes 
through space), the magnitude of the electric vector varies. However, its direction of polariza- 
tion does not change. The variation of its magnitude is sinusoidal with time (or distance 
propagated), as shown in Figure 8.15. This variation in magnitude without change in direction 
occurs because plane-polarized light consists of two components of circularly polarized light. 
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FIGURE 8.12 Component vectors of electromagnetic radiation. Light is composed of magnetic 
and electric vectors with directions perpendicular to each other and to the 
direction of propagation of the ray of light. 
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Figure 8.13 End-on view of the electric vectors of ordinary monochromatic light. A beam 
of light consists of many separate rays, each with an electric vector component. 
The electric vectors of these individual rays are not all oriented in the same 
direction. In fact, there is an equal distribution of the electric vectors over the 
full circle of arc about the direction of propagation. We refer to such light as 
random light. (Magnetic vectors are perpendicular to electric vectors for a 
given ray, and have the same type of distribution for a beam of light as do 
electric vectors.) 


| с 


monochromatic polaroid lens monochromatic 
random light plane-polarized light 


Figure 8.14 Random light passing through a Polaroid lens. When a beam of random 
monochromatic light consisting of many rays passes through a polarizer, only that 
portion with the electric vector in a particular direction is transmitted. The 
direction of the electric vector of the transmitted light is determined by 
the direction of polarization of the polarizer. The transmitted light, for which the 
electric vector is in only one direction, is known as plane-polarized light. 


These components vary by rotating about the direction of propagation of the ray of light, as 
shown schematically in Figure 8.16. 

The direction of polarization of plane-polarized light can be determined by experiment. If we 
allow the plane-polarized light to impinge on a second polarizer, it will pass through the second 
polarizer only if its direction of polarization is aligned with that polarizer. This can be demon- 
strated by viewing a light source through two sheets of Polaroid. (Two Polaroid sunglass lenses 
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Ғісиве 8.15 Variation in electric vector of plane-polarized light with propagation. Only 
the magnitude of the electric vector changes as the ray of light is propagated. 
It increases and decreases along the original direction and alternates between 
being positive and negative. 
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Figure 8.16 Variation of circularly polarized light components with propagation of a ray. 
Plane-polarized light is the vector sum of the two components of circularly 
polarized light. The electric vectors of left and right circularly polarized light 
are represented here as Е, апа Ер. The variation of these components with 
propagation of the ray of light is shown at the top of the figure, The 
components rotate about the axis of propagation in opposite directions at 
the same rate, producing a variation in the magnitude of the vector sum (the 
electric vector of plane-polarized light) but not its plane of polarization. 
Unless acted upon by some other force, the plane of polarization will always 
be along the same axis. Here, that axis is vertical. Although the electric vector 
passes through zero magnitude into the opposite direction, the plane of 
polarization remains along the vertical axis. 
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will suffice.) As the lenses are rotated relative to each other, we find one extreme position at which 
no light is transmitted. Rotating the lenses 90° relative to each other from this point we find that 
light is transmitted with maximum brightness. We know the direction of plane-polarized light 
from the analyzing (second) Polaroid lens. When light is transmitted at maximum brightness, the 
direction of polarization of the light passing through the first lens is aligned with the direction of 
polarization of the second (analyzing) lens. 

If we place various substances between the polarizing and analyzing Polaroid lenses, we can 
then see if those substances have any effect on the direction of polarization of the plane-polarized 
light. A great many substances have no effect on the direction of the polarization of plane-polarized 
light. However, certain materials—chiral substances—cause a significant and interesting effect. For 
example, if we place a sample of 2-methyl-1-butanol isolated from fusel oil between the Polaroid 
lenses, we observe a change in the direction of polarization. The axis of the plane-polarized light 
exiting the sample is rotated counterclockwise (using light of wavelength 598 nm) from its orienta- 
tion when it entered the sample. We infer that a rotation in the plane of plane-polarized light is 
produced by the sample (see Figure 8.17). 

We can think of this phenomenon as involving the different interactions of right and left 
circularly polarized light with the chiral sample, causing a shift in the resultant vector. In 
essence, the light itself is chiral, consisting of right and left circularly polarized components. 
Just as a right hand fits differently into right glove than into a left glove, right and left circularly 
polarized light interact differently with a chiral molecule. Only chiral substances rotate the plane 
of plane-polarized light. Materials that are not chiral, and even racemic mixtures of chiral sub- 
stances, give no rotation. Another important observation is that members of an enantiomeric pair 
rotate the plane of polarization by equal amounts but in opposite directions. The magnitude and 
direction of rotation for a given material is as fundamental a property as its melting temperature 
or boiling temperature. 

Pasteur was the first (in 1848) to isolate both enantiomers of a single substance. He noticed 
that a compound with which he was working, sodium ammonium tartrate (8.5), formed differ- 
ent types of crystals. He also saw that one type of crystal was a nonsuperimposable mirror 
image of the other type of crystal. Pasteur patiently separated the two types of crystals using 
tweezers. The two types of crystals had identical properties in most regards. However, they 
rotated the plane of plane-polarized light equal amounts in opposite directions. Pasteur had 
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Figure 8.17 Rotation of plane of plane-polarized light when it passes through a sample 
of 2-methyl-1-butanol from fusel oil. Although the light passes through the 
sample, it does not pass through unaffected. The direction of the plane of 
polarization is rotated counterclockwise from its orientation when it entered 
the sample. 
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achieved the first resolution (separation into enantiomers) of a racemic mixture. Fortunately, 
we now have less tedious and more general methods (which we will discuss later) for 
performing resolutions. 
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Materials that rotate the plane of plane-polarized light in a clockwise direction are called 
dextrorotatory or (+)-rotating. Materials that rotate the plane of plane-polarized light 
counterclockwise are referred to as levorotatory or (—)-rotating. One way of differentiating 
the two enantiomers of a chiral compound is by measuring the direction in which they rotate 
plane-polarized light. The enantiomers of В-сигопеПо! and the directions of their rotations 
are shown in Figure 8.18. 

The magnitude of the observed rotation depends on the number of molecules with which the 
light interacts on passing through the sample, and this in turn depends on the length of the tube 
(cell), /, and the concentration, c, of the solution. In practice we convert the observed rotation to 
what is known as a specific rotation using the equation: 


specific rotation of , 
a solution of a pure = [0] D = 
substance Ixc 


а 


In this equation, o refers to the experimentally measured rotation for a given sample, for which 
c is the concentration of the sample in g/mL, and / is the length of the (cell) in decimeters. The 
superscript 1 refers to the temperature at which the measurement is made. The subscript D 
indicates the wavelength of light used; the most common light source is a sodium vapor lamp 
that emits light (the sodium D line—actually a closely spaced pair of lines) of wavelength 
598 nm. When different samples are compared, it is important that the operating temperature 
and wavelength be the same. Workers in different laboratories may make measurements with 
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Figure 8.18 Enantiomers of £-citronellol with their rotations. The structure on the left 
rotates plane-polarized light in a counterclockwise direction, and that on 
the right rotates plane-polarized light in a clockwise direction. The 
notations (d) and (/) are sometimes used instead of (+) and (-). 
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different polarimeters or use different concentrations, but all should arrive at the same specific 
rotation by dividing their measured rotations by the product of / and c. 

For the two В-сигопеПо! enantiomers, the specific rotations using the D line at 20°С in 
ethanol solution are +5.3° and —5.3°. If a different wavelength of light were used, different 
values for the specific rotation would be observed. (In fact, opposite directions of rotation could 
be found with different wavelengths. The standard notations of (+) and (—) refer to the direction 
of rotation using the D line.) 

At times we measure the specific rotation of a pure liquid rather than a solution. We then 
calculate the specific rotation using the formula: 


specific rotation of 
a pure liquid = [a] id = 
substance Ixd 


Here, d refers to the density of the sample. 

The specific rotations for several naturally occurring chiral molecules are given in Table 8.1. 

The rotation produced by a racemic mixture is zero. Any clockwise rotation produced by 
molecules of one enantiomer is exactly offset by the counterclockwise rotation produced by 
the other enantiomer present in the racemic mixture. If a sample of one enantiomer is 
contaminated by even a small amount of the other enantiomer, its rotation is decreased. Once 
we have measured the optical rotation of a pure enantiomer, we can find the optical purity of 
any sample of that material. The optical purity is a measure of the excess of one enantiomer 
over the other in a sample of the substance. It is calculated using the equation shown below, 
where [0] is the specific rotation of the pure enantiomer and [œ ] is the specific rotation of the 
sample in question. 


optical purity (as a percentage) = 100([o’ До) 


In summary, handed molecules show an important difference in their interaction with 
plane-polarized light. Plane-polarized light is really a chiral probe for looking at molecules. 
Analogies can help us to understand this difference. For example, screws are chiral; they come 
in two fundamental varieties—right-handed screws (which screw in with a clockwise turn), and 


ТАВІЕ 8.1 Observed Specific Rotations of Some Naturally Occurring Chiral Molecules. 


Compound Source [0] at 20°C, D line 
2-methyl-1-butanol fusel oil 5H 
B-citronellol geranium -5.39 
B-citronellol citronella oil 45.3? 
0/-{етршео] petitgrain oil 100? 
&-terpineol longleaf pine oil —100° 
solanone tobacco sell NL" 
alanine biological peptides JU. 

lactic acid blood 452 (6)“ 


lactic acid sour milk —2.6? 
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left-handed screws (which screw in with a counter- 
clockwise turn). If we were foolish enough to use a 


Chemical Biography 


hammer (the use of which is an achiral probe) to Louis PASTEUR 
drive a screw into a board, we would find no differ- b. 1822 
ence between the two types of screw. However, if E 1895 


we use a screwdriver (the use of which is a chiral 
probe), we would need to turn it in opposite direc- 
tions to drive the two different types of screw into 
the board. Extending our analogy, we can also anticipate that the two enantiomers will behave 
differently toward another molecule that is already chiral. This behavior is observed, and 
indeed there are significant chemical differences between enantiomers, which will be consid- 
ered in Section 8.10. 


Ph.D. Ecole Normale Paris 1847 


8.6 ABSOLUTE CONFIGURATIONS 


Suppose that, like Pasteur, we separate a racemic mixture into its (+) and (—) rotating compo- 
nents. We label two bottles “+” and “—” and put the appropriate sample into each bottle. We 
diagram the two possible molecular structures of the enantiomers and label them I and II. We 
know that the bottle labeled “+” contains molecules of only one type, corresponding to either 
structure I or II. But which sample is structure I and which is structure II? The question is a very 
important one if we wish to know which type of molecule we are working with when using a 
particular (+) or (—) rotating sample. 

How is it possible to determine which structure (I or II) produces dextrorotatory behavior 
and which produces levorotatory behavior? Until 1951 there was no good answer to this type of 
question. Chemists were only able to group molecules that were inferred to have the same 
relative configuration because of the ways in which they had been prepared. By the configura- 
tion of a molecule we mean the spatial arrangement of the atoms that makes it different from 
any other stereoisomer. If a chemical reaction were performed at a site of a chiral molecule dis- 
tant from the stereogenic center, we would infer that there was no change in the absolute 
configuration of the stereogenic center, and that our modification was really superfluous regard- 
ing the absolute configuration. The starting material and the product of the chemical conversion 
have the same relative configuration. In analogy, if we placed a ring on the finger of someone's 
hand, we might say that the hand without the ring and the hand with the ring had the same 
relative configuration—we didn't change the nature of the hand by placing the ring. 

Continuing our hand analogy, suppose we were to put the ring on someone's hand in the dark. 
Unless we examined the hand by touch, we wouldn't know the absolute configuration of the 
hand. This was the situation chemists found themselves in until 1951. They had no way to deter- 
mine the absolute configuration of any given enantiomer. However, they could relate relative 
configurations of different molecules by taking note of the way in which they had been prepared. 

Consider now the concept of relative configuration. Look at the reaction of 2-methyl-1- 
butanol with an oxidizing agent (СгО-/Н25О4) to produce 2-methylbutanoic acid; this reaction 
was previously shown in Figure 8.11 and appears again in Figure 8.19. We see that the -CH,OH 
group has been converted to the -СО,Н function. No bonds to the stereogenic carbon atom have 
been affected; consequently this oxidation does not alter the steric relationship of the four 
groups about the stereogenic center. The reactant and the product accordingly have the same 
relative configurations; they have corresponding substituents situated similarly in space. 
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Ғісиве 8.19 Oxidation of 2-methyl-1-butanol. The stereogenic carbon atom is indicated 
by the asterisk (*). No bonds are broken to the stereogenic center, therefore 
the product must have the same relative configuration about the stereogenic 
center as does the starting material. 


Experimentally, we find that if we begin with (—)-2-methyl-1-butanol, it is oxidized to 
(+)-2-methylbutanoic acid. We can thus infer that (—)-2-methyl-1-butanol and (+)-2- 
methylbutanoic acid must have the same relative configuration about their stereogenic 
centers. Although one compound is dextrorotatory and one levorotatory, we nevertheless 
conclude that they have the same relative configuration. In general, if no bonds to a stere- 
ogenic center are broken, then we can correlate the relative configurations of the reactant 
and product. 

In spite of this knowledge, the problem of assigning absolute configurations remains. We do 
not know which of the structures shown in Figure 8.11 actually corresponds to the (+) and which 
to the (—) enantiomer. 

X-Ray diffraction studies provide the means of associating an absolute configuration with a 
given sample. The first application of this technique to a study of enantiomers was made in 1951. 
In X-ray diffraction, a crystal of the sample to be studied is irradiated with X-rays, and a photo- 
graphic film or other detector surrounding the sample records the diffraction pattern produced by 
the scattered X-rays. Using some rather complex mathematical calculations, it is possible to work 
backwards from the diffraction pattern to the structure of the sample molecule. This technique 
gives the absolute configuration of the sample. Once we know the absolute configuration of one 
compound, we can infer the absolute configuration of all substances of the same relative 
configuration. Through this approach it can be shown that (—)-2-methyl-1-butanol and (+)-2- 
methylbutanoic acid have the structures shown on the left side of Figure 8.11. 


8.7 REPRESENTATIONS OF OPTICAL ISOMERS 


We can always see the detailed stereochemical nature of molecules by using molecular models. 
However, molecular models are not always convenient for the communication of information. 
Conventions have been developed to represent stereochemical features simply in two-dimensional 
drawings. By following these conventions we can deal with stereochemistry without having great 
artistic skills for drawing three-dimensional molecules. 

In Chapter 2 we introduced several structural representations of this type. One approach is 
to use wedge structures. A solid wedge indicates a bond directed toward the viewer from the 
plane of the paper, while a broken wedge represents a bond directed away from the viewer, 
behind the plane of the paper. Bonds shown by simple solid lines are understood to lie in the 
plane of the paper. Figure 8.20 shows wedge representations of several views of one enantiomer 
of 2-butanol, along with molecular models of each view. 
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FIGURE 8.20 Wedge representations and the corresponding molecular models of one 
enantiomer of 2-butanol. Each structure represents a different view of the 
same enantiomer. 
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Fischer projections (also discussed in Chapter 2) provide another means of indicating 
absolute configuration, as shown in Figure 8.21. A third two-dimensional representation of 
molecular geometry is the Newman projection. This method was also introduced in Chapter 2. 

Let us examine the enantiomers of 2-butanol using Newman projections. If we sight 
along the C-H bond at the stereogenic center with the C toward the foreground and the H 
toward the background, we get different representations for each enantiomer, as shown in 
Figure 8.22. 

We now introduce a useful idea: if we exchange any pair of groups at a stereogenic center, 
we invert its absolute configuration. Inspection of Figure 8.22 shows how the inversion works. 
The two structures differ only in having their methyl and hydroxyl groups switched. The one 
switch inverts the configuration. Further illustration is provided in Figure 8.23. 

It follows of course that a second exchange takes us back to the original stereoisomer. These 
facts are useful when we must decide whether two different representations depict enantiomers 
or simply different views of the same molecule. 


CH; СН; 
но Co HOm—C—=H 


Figure 8.21 Equivalent wedge and Fischer projections of one enantiomer of 2-butanol. 
The stereogenic carbon atom is not shown in a Fischer projection—it is 
understood to be at the center of the crossing lines (horizontal and 
vertical). The horizontal bonds are understood to come out from the plane 
of the paper, and the vertical bonds to go behind the plane of the paper. 
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Ғісиве 8.22 Newman projections showing absolute configurations of the enantiomers of 
2-butanol. Each enantiomer is viewed along the carbon-hydrogen bond at the 
stereogenic carbon. 
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FIGURE 8.23 Exchange of two groups at a stereogenic center. If any two groups аге 
exchanged at a stereogenic center, the absolute configuration at that center 
is inverted. All the structures shown on the right are enantiomers of those 
shown on the left. 


220 ORGANIC CHEMISTRY 


CH; CH; 
OH H == OH 
OH <i M OH 
CH; CH, 


FIGURE 8.24 Wedge and Fischer projections of one particular isomer of 2,3-butanediol. 
Both stereogenic centers in the Fischer projection are shown as crossing lines. 


сң; CH; CH; CH; 
H OH H=—C—= 0H 
он | 
ы CH; CH; CH, 


ш б 
AL 
CIC» 
11 
о m 
= 
$ 
= б 
= 
5 
= 
i 
| 
a 
| 
= 


Figure 8.25 Wedge and Fischer projections of two isomers of 2,3-butanediol that are 
non-superimposable mirror images (enantiomers). 


The Fischer projection method is particularly useful for depicting the geometry about several 
stereogenic centers in the same molecule. For example, the configuration of one particular isomer 
of 2,3-butanediol can be represented quite simply, as shown in Figure 8.24. 

The configurations of two other isomers of 2,3-butanediol are represented by distinctly 
different Fischer projections, as shown in Figure 8.25. 

These examples introduce us to the fact that more than two stereoisomers need to be considered 
when more than one stereogenic center is present in a molecule. We will have much more to say 
about this later in this chapter. 

The ability to interconvert Fischer, wedge, and Newman projections quickly and accurately 
is a useful skill. Consider the Newman projection shown in Figure 8.26, which depicts a stag- 
gered conformation of one particular stereoisomer of a molecule with two stereogenic centers. 
In order to convert this Newman projection to a Fischer projection, we must first rotate the 
groups so as to produce an eclipsed conformation. 

We then imagine this eclipsed conformation to be rotated by 90? about a horizontal axis in 
the plane of the paper. In Figure 8.26 we see that this will leave the groups A and Y directed 
away from the viewer, and the other groups directed toward the viewer. We can then draw the 
Fischer projection directly as shown. 

To convert a Fischer projection into a Newman projection, these steps are reversed. 
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Figure 8.26 Interconversion of Newman and Fischer projections. The Fischer projection is 
a representation of an eclipsed conformation. Therefore, we first rotate the 
groups of the original Newman projection by 60? to get an eclipsed 
conformation. Then, we imagine the eclipsed Newman projection to be 
rotated backwards through 90°. The wedge structure (middle, right) depicts 
the view we now have of the molecule. The Fischer projection is a stylized 
representation of the wedge projection. 


60? rotation 90? rotation 

about carbon-carbon about the horizontal 

bond to produce axis so that A and Y 

eclipsed conformation point away from the 
viewer 


8.8 NOMENCLATURE OF CHIRAL MOLECULES 


We have seen that we need to consider stereoisomeric structures when working with 
substances containing one or more stereogenic centers. An addition to the basic IUPAC name 
is necessary so that different stereoisomers can be given different names. This addition is 
known as a stereochemical descriptor. It is a letter (В or 8) or combination of these letters 
that conveys to an informed reader knowledge of the absolute configuration about each 
stereogenic center. 

The problem of naming chiral molecules can be linked to the problem of naming hands, 
gloves, or shoes as right or left. We all learn the rules for naming such objects at an early age 
and can tell quickly whether an object is left or right. However, rarely do we think formally of 
these rules. Suppose we had to describe the right/left naming system to someone who had 
no knowledge of it. We would need to formulate a set of rules that, when followed, would lead 
to the correct right or left designation. Any such rules need to contain the proviso that the item 
be looked at in a certain way. For example, we might specify that a hand be viewed “palm up” 
in order to determine right from left. 

If we look at a right hand “рат up" our eyes move in a clockwise direction on passing from 
the tip of the smallest finger across the other fingertips to the thumb; they move counterclock- 
wise if we are viewing a left hand. (We hope that the popularity of digital watches has not 
eliminated the concepts of clockwise and counterclockwise.) Thus we have a systematic 
procedure for assigning the terms “right” or “left” to hands. Remember the need for viewing a 
hand іп a particular way. If we forget the rule and look at a right hand “palm down” our eyes 
would travel counterclockwise in going from the small finger to the thumb, and we would get 
the wrong answer. 
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We use a similar method to assign stereochemical descriptors to molecules. We view the 
molecule in a certain manner and see if our eyes travel clockwise or counterclockwise on 
passing from one group to another. As in the above analogy, we must always be careful to view 
the molecule in a specified way. 

The system we use is known as the Cahn-Ingold-Prelog system. It allows a unique desig- 
nation to be given to each stereoisomer. The method involves the application of a series of purely 
arbitrary, human-made rules to obtain these designations. Thus the notation system bears no 
relationship to the direction or magnitude of rotation of the plane of plane-polarized light. It only 
provides a means for us to transmit information regarding absolute configuration about 
stereogenic centers. We can convey information without drawing the structures, as long as the 
sender and receiver of the information follow the same rules. 

Determining the notation for the absolute configuration about a stereogenic center requires 
several steps. The first step involves the identification of the four unlike groups about the stere- 
ogenic center. Once we have identified these groups, we assign them priorities (1-4) following 
our arbitrary set of rules. We then view the stereogenic center such that the group of lowest pri- 
ority points directly away from us. For example, we can use a Newman projection with the group 
of lowest priority (priority 4) pointing away from the viewer. We describe the stereogenic center 
as R if the remaining groups (priorities 1-3) have a clockwise sequence in the Newman projec- 
tion, and we describe it as S if the groups of priority 1—3 have a counterclockwise sequence in 
the Newman projection (see Figure 8.27). 

Priorities are assigned by noting the atomic number of the atoms bound directly to the 
stereogenic center. A sequence of priorities is established by assigning a higher priority to atoms 
with higher atomic numbers. Thus a bromine atom (atomic number 35) has a higher priority than 
an oxygen atom (atomic number 8). An oxygen atom in turn has a higher priority than a carbon 
atom (atomic number 6). Hydrogen (atomic number 1) has the lowest priority of any of the 
atoms. Isotopes of the same element are assigned priorities by atomic weight. Thus, for 
hydrogen isotopes, deuterium (7H) has a higher priority than protium (!H). 


1 % 1 
3 2 2 3 
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Figure 8.27 Assignment of configuration as R or S. The views shown represent the standard 
method for viewing a stereogenic center for the assignment of absolute 
configuration. The group of lowest priority (4) is directly behind the stereogenic 
center. The remaining groups have either a clockwise or counterclockwise 
sequence. If they are ordered in a clockwise direction, the stereogenic center is 
designated as R. If they are ordered in a counterclockwise direction, the 
stereogenic center is designated as S. R and S are derived from the Latin words 
for right (rectus) and left (sinister). 
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When the stereogenic center is an atom other than carbon, it is possible for one of the attached 
groups to be an electron pair. A pseudo atomic number of zero is assigned to an electron pair. 

Complications can arise. Often each of two (or more) groups about a stereogenic center is 
attached by the same type of atom. For example, in 2-butanol the stereogenic carbon is the 
second carbon atom of the chain. Attached to this atom are a methyl group and an ethyl group, 
in addition to the hydrogen and hydroxyl group. Both of the alkyl groups (methyl and ethyl) 
begin with a carbon atom attached to the stereogenic center. Which group is assigned the higher 
priority? We differentiate them by looking at the next atoms in the groups, going away from the 
stereogenic center. For the methyl group, the atoms attached to the initial carbon are all 
hydrogens. With an ethyl group, one of these atoms is another carbon. The ethyl group is thus 
assigned a higher priority than is the methyl group. This method of differentiation is often 
referred to as “Ше point of first difference" and is illustrated in Figure 8.28. 

At times we must consider atoms quite distant from the stereogenic center. For example, 
when we consider the stereogenic center in 5-dodecanol, we assign priorities to the two alkyl 
groups using the procedure indicated in Figure 8.29. 

We also need to consider groups that are branched. In 2-methyl-3-hexanol, for example, a 
branched alkyl group (isopropyl) is present at the stereogenic center. Our approach to assigning 
priorities is shown in Figure 8.30. 

For the purpose of assigning configuration designations, a carbon atom that is involved in a 
double bond is treated as being СҮ». Consider, for example, the assignment of priorities to the 
1-penten-3-ol isomer shown in Figure 8.31. 

Several multiply bonded groups are listed in Table 8.2 with their number sets for determin- 
ing their relative priorities. From this table and our previous examples, we can establish the 
following relative priorities: 


—СН=О > -СН,ОН > –СЕМ > -СН-МН > -С+СН > —CH=CH, > -CH;CH5 
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FIGURE 8.28 Assigning priorities to methyl and ethyl groups. The sets of numbers listed 
after the alkyl structures indicate the atomic numbers of the atoms connected 
to the stereogenic center. The first number is 6 for both groups. The numbers 
in parentheses indicate the subsequent atoms attached to the initial atom. 
For the methyl group, three hydrogens are indicated by (1,1,1). A carbon and 
two hydrogens (6,1,1) are attached to the first carbon atom of the ethyl 
group. The point of first difference determines the priority—here the second 
carbon atom (6) of the ethyl group gives that group the higher priority. 
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Figure 8.29 Assignment of priorities to n-butyl and n-pentyl groups. The groups have the 
same designation through the first four carbons. The first point of difference 


occurs with atoms attached to the fourth carbon. The n-pentyl group is 
assigned the higher priority. 


CH;CH;CH; 6,(6,1,1) 
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Figure 8.30 Assigning priorities to n-propyl and isopropyl groups. For each group the first 
atom connected to the stereogenic center is carbon. One carbon and two 
hydrogen atoms are connected to the first carbon of the n-propyl group 
(6(6,1,1)). However, the first carbon of the isopropyl group is attached to two 
carbons and one hydrogen (6(6,6,1)). We assign a higher priority to the group 
with the greater number of higher atomic number atoms attached at the 
point of first difference. Thus the (6(6,6,1)) (isopropyl) group is assigned a 
higher priority than is the (6(6,1,1)) (n-propyl) group. 
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Figure 8.31 Assigning priorities to the groups about the stereogenic center of 1-penten-3-ol. 
The unsaturated two-carbon group has a higher priority than the saturated two- 
carbon group. We consider the unsaturated group as having two carbon atoms 
attached to the one linked immediately to the stereogenic center. The overall 
priorities are thus: 1. -OH; 2. -СН-СН;; 3. -CH2CH3; 4. -Н. 


A final point needs to be considered when assigning priorities to groups containing multiple 
bonds. Consider for example the group -CH=CH). Following the guidelines as noted previously 
(see Figure 8.31) this group is treated as having a number set 6(6,6,1). How do we proceed when 
there is also present a group such as an isopropyl group, -CH(CH3);, that actually has two 
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ТАВІЕ 8.2 Analysis of Unsaturated Linkages for the Assignment of Cahn-Ingold-Prelog 


Priorities. 
Linkage Number Set for the First 
Carbon Atom of the Group 
-СН-СН; 6(6,6,1) 
-С-С-Н 6(6,6,6) 
—C=N (АА) 
-СН-О 6(8,8,1) 
-СН-МН 6(7,7,1) 


carbon atoms and a hydrogen bonded to the carbon with a number set of 6(6,6,1)? Іп such 
instances the multiply bonded group is assigned the higher priority. That is: 


—CH=CH, > -СН-СН; 
апа similarly 


-С-СН > —C(CH3)3 


We can use these rules to assign relative priorities to each of the groups about a stereogenic 
center. Consider now the application of these rules to the assignment of stereochemical descriptors. 

The structure of one enantiomer of 2-methyl-3-hexanol is shown in Figure 8.32. The 
hydroxyl group is clearly of highest priority, and the hydrogen of lowest priority. The remaining 
two groups are an n-propyl and an isopropyl group. Applying the rules described earlier, we find 
the isopropyl group to be of higher priority than the n-propyl group. 

The enantiomer of (S)-2-methyl-3-hexanol is shown in Figure 8.33. When we view it at the 
stereogenic center with the hydrogen pointing directly away from us, we get a different Newman 
projection. This view is clearly different from that of its enantiomer. Looking from higher to 
lower priority groups, we count in a clockwise direction. We therefore refer to this molecule as 
having an R absolute configuration and name it (R)-2-methyl-3-hexanol. 

The overall procedure for noting the absolute configuration of a stereogenic center in a given 
structure is summarized as: 


1. Draw a proper three-dimensional representation of the molecule. 


2. Assign priorities for the four groups attached to the stereogenic center according to the 
Cahn-Ingold-Prelog rules. 


3. Orient the drawing to view it along the bond between the stereogenic center and the 
group of lowest priority. The group of lowest priority now points directly away from the 
viewer. 

4. Note whether the order of the remaining groups1-2-3 is clockwise or counterclockwise. 


5. 12115 clockwise, the stereogenic center is designated as В. If it is counterclockwise, the 
stereogenic center is designated as S. 


For molecules with more than one stereogenic center, the absolute configuration about each 
center must be determined. For example, consider the 2,3-butanediol isomer that was shown in 
Figure 8.24. 


226 


2 
(CH3),CH 


ORGANIC CHEMISTRY 


сн,сн,сн; 


HO. >ø CH(CHj) 


OH 


3 


RENE 


кы ш. Note whether the 
order of groups 


assign 
priorities 


3 
«Сн,сн,сн; 


1 
су "че 
и 2 


H 


4 
Align for a Newman 
projection with the 
group of lowest 


priority pointing 
away 


OH 


1-2-3 is clockwise 


counterclockwise 


or counterclockwise 


Figure 8.32 Assignment of absolute configuration designation for one enantiomer of 
2-methyl-3-hexanol. The designation for the structure shown is S. The 
compound is named (S)-2-methyl-3-hexanol. 
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We need to look at each of the stereogenic 
centers in turn. We will arbitrarily choose to look 
at the upper stereogenic center, as shown in 
Figure 8.34. We then need to consider the other 
stereogenic center in the molecule. The steps are 
summarized in Figure 8.35. 

It is not always necessary to use Newman 
projections to determine the absolute configura- 
tions of stereogenic centers. In fact, molecules 
containing several stereogenic centers often 
prove difficult to handle using Newman projec- 
tions. Fischer projections or wedge projections 
are often used in such instances. To assign R or S, 
we need to view a molecule with the group of 
lowest priority about the stereogenic center 
pointed away from us. Either of the vertical posi- 
tions of a Fischer projection serves this purpose, 
and we can proceed quite easily to designate R or 
S. This is most simple if the Fischer projection we 
have at hand has the substituent of lowest priority 
in such a “vertical” position (pointing away from 
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FIGURE 8.33 Comparison of the enantiomers of 2-methyl-3-hexanol. The Newman 
projections for the two enantiomers show opposite handedness in the 
orientation of groups. 


the viewer) already. But what should we do if the Fischer projection does not show the group of 
lowest priority pointing away from us in one of the vertical positions? There are, in fact, several 
ways to proceed. One approach is to identify the groups’ priorities in the normal way as being 
1-2-3-4. If we view the system and proceed through the priorities 1-2-3 in a clockwise direction 
and the group of priority 4 is pointed away from us, then the configuration designation is R. If 
however, upon viewing the 1-2-3 in a clockwise manner and the group of priority 4 is pointed 
toward us, the configuration designation is S. 

Consider, for example, the Fischer projection in Figure 8.36. Look at the upper of the two 
stereogenic centers as shown. The way the structure is drawn, the group of lowest priority is in 
a horizontal position, that is, pointing toward the viewer (keep this in mind when making a 
determination of R and S). We see that we count in a counterclockwise direction when going 
from group 1’ to 2’ then 3’. Thus, this stereocenter has the R absolute configuration designation. 
Here (and in general), we must remember that the relationship between the К or 5 designation 
and the clockwise or counterclockwise direction of counting 1-2-3 depends on whether group 4 
points toward the viewer or away from the viewer. These rules are summarized in Table 8.3. 

Since both stereocenters of the molecule shown in Figure 8.36 are R, the full name of the 
compound is (2R,3R)-2,3-butanediol. 
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Figure 8.34 Absolute configuration designation of stereogenic centers in a particular 
stereoisomer of 2,3-butanediol. One stereogenic center is chosen arbitrarily 
as a starting point for our consideration. Looking at the upper carbon atom 
(as drawn) we assign priorities and then orient the molecule for the proper 
viewing with a Newman projection. The group of priority 2 is the whole 
group at the bottom. For this particular stereogenic center we find the 
absolute configuration designation to be S. 


8.9 DETERMINING THE POTENTIAL 
FOR OPTICAL ACTIVITY 


We would often like to be able to look at the structure of a molecule and quickly tell if it 
would or would not be optically active. We know that the ultimate criterion for a molecule to 
be optically active is for its structure to be nonsuperimposable on its mirror image. 
Unfortunately, it is not always easy for us to make this determination, particularly when we 
are presented with a two-dimensional representation of a structure. However, there are useful 
shortcuts that we can take. 

The presence of a single stereogenic center signals that the molecule is not superimposable 
on its mirror image. It is therefore capable of optical activity. If more than one stereogenic center 
is present, the molecule may or may not be optically active. In general, molecules containing n 
stereogenic centers can have up to 2” stereoisomers. In most instances with compounds having 
n (> 1) stereogenic centers, we find the full 2” stereoisomers to exist (or be possible), and each 
stereoisomer is optically active. However, for some such compounds with n (> 1) stereogenic 
centers, there are actually fewer stereoisomers possible, and some of these are not chiral. 

Consider again the isomers of 2,3-butanediol. As we have seen, there are two stereogenic cen- 
ters, so we calculate that there is a maximum of four stereoisomers. Actually, only three 
stereoisomers of 2,3-butanediol exist (or are capable of existing). The stereoisomer in Figure 8.34 
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Absolute configuration designation of stereogenic centers in a particular 
stereoisomer of 2,3-butanediol (continued). We apply to the lower carbon 
atom the same procedure as was used with the upper carbon atom. We see a 
clockwise orientation of the groups about this stereogenic center. We thus 
designate it as R. The complete name of the molecule is then (2S,3R)-2,3- 
butanediol. 
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Fischer projection for one of the stereoisomers of 2,3-butanediol.The 
numbers 1,2,3,4 and 1',2',3',4' indicate the priorities for the lower and upper 
stereogenic centers, respectively. First look at the lower stereogenic center. 
Group 4 is in the vertical (down) position, so it is behind the plane of the 
surface. Since we see a clockwise direction for the other three groups 1-2-3, 
we easily see that the lower stereocenter has an R configuration designation. 
However, an assignment for the upper stereogenic center is not so 
straightforward, since the group of lowest priority (4’) is not pointing away 
from us. 
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ТАВІЕ 8.3 Relationship Between (R)- and (S)- Configuration Designations and Clockwise 
or Counterclockwise Arrangement of Groups. The relationship depends on 


the orientation of the group of lowest priority — whether it points toward the 
viewer or away from the viewer. 


Position of group 4 1-2-3 Direction Configuration 
Away from viewer Clockwise R 
Away from viewer Counterclockwise 5 
Toward viewer Clockwise S 
Toward viewer Counterclockwise R 


and Figure 8.35 is one that is optically inactive. This compound has one stereogenic carbon atom 
of (R)-configuration and one of (S)-configuration. Because identical groups are attached to each, 
any clockwise rotation of plane-polarized light induced by one stereogenic center is cancelled by 
the other. There also exists a pair of enantiomers of 2,3-butanediol: (28,35)-2,3-butanediol and 
(2R,3R)-2,3-butanediol. Both of these isomers are optically active. In contrast, 2,3-pentanediol 
has the full complement of four stereoisomers predicted by the 2” formula and all are optically 
active. The two pairs of enantiomers constituting these stereoisomers are shown in Figure 8.37. 
These structures illustrate the term diastereoisomer (also known as diastereomer). 
Diastereoisomers are defined as stereoisomers that are not enantiomers. 

Symmetry properties can be used to recognize the potential for optical activity. When 
properly used, recognition of symmetry factors can greatly simplify looking for chirality in a 


I 
CH; i СН; 
S | R 
H OH 1 HO H 
| a pair of enantiomers 
H—R| он ' нон = 
І 
І 
СН, СН; ! CH, СН; 
diastereoisomers 
I 
CH; | CH; 
S | R 
H OH | НО H 
Š < a pair of enantiomers 
нон | H OH 
І 
І 
СН, СН; ' CH, CH; 


Figure 8.37 Stereoisomers of 2,3-pentanediol. The full 2" (n = 2) stereoisomers are found. 
The upper two structures depict an enantiomeric pair, as do the lower pair. 
The upper pair are diastereoisomers of the lower pair. The stereoisomers 
containing one carbon atom of (R)- and one of (S)-configuration are optically 
active in this instance. This is because the groups attached to the (R)-carbon 
are not exactly the same as those attached to the (S)-carbon. 
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a) 


HO 
Hi хм | М -—----------------------2------- 
[—» „шш. НАС OH 


CH; N А 


these two structures are 
superimposable, even 
though they are presented 
as mirror images 


b) c) 


H4C CH; 


CH,OH 


Ғісиве 8.38 Examples of meso-compounds. Each compound shown has more than one 
stereogenic center. Each compound also has an internal plane of symmetry. 


molecule. For example, the presence of an internal plane of symmetry indicates that a molecule 
will be superimposable on its mirror image, and thereby optically inactive. The molecules illus- 
trated in Figure 8.38 each have more than one stereogenic center, but they also have an internal 
plane of symmetry. None are optically active. We refer to such compounds as meso-compounds. 

Recognition of a plane of symmetry precludes the need to check for the superimposability 
of mirror images. However, caution should be exercised. Failure to observe an internal plane of 
symmetry may not mean that one does not exist — we may simply have overlooked it, or we may 
not be able to see a plane of symmetry for the particular conformation we chose to view. For 
example, if we had chosen the conformation of meso-2,3-butanediol shown in Figure 8.39, we 
would not find a plane of symmetry. The conformation shown would be optically active, because 
it is not superimposable on its mirror image. However, no sample of meso-2,3-butanediol that 
we encounter is ever optically active. In a collection of molecules of meso-2,3-butanediol there 
are equal numbers of each of the conformational enantiomers. The result is zero net optical 
rotation. If we find a plane of symmetry in any real conformation of a molecule, it indicates that 
the molecule is optically inactive. 

As we have seen, the presence of a single stereogenic center signals that a molecule is chiral. 
However, the absence of such a center does not necessarily eliminate the possibility of chirality. 
The ultimate criterion for chirality is nonsuperimposability on the mirror image. A molecule 
may possess a molecular chirality without having a stereogenic atomic center. An important 
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CH, CH; 
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a 
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о 
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Figure 8.39 Conformational enantiomers of meso-2,3-butanediol. The two structures 
shown are mirror images that are not superimposable. However, equal 
amounts of the two are present in a sample of meso-2,3-butanediol. 


ње ap 


CH, ' нұс 


CH; H3C 


Figure 8.40 Molecules with molecular chirality. Although no stereogenic center is present, 
there is a handedness to each molecule that results in the nonsuperimposability 
of the mirror images. 


structural type giving rise to an inherent chirlity is the helix. Screws are chiral because they are 
helical, like a spiral staircase. On the molecular level, helical molecules are chiral, as we can see 
in the double-stranded DNA. Chirality caused by a helical structure is seen in smaller molecules 
as well. A pair of enantiomers of this type (without a stereogenic atomic center) is illustrated in 
Figure 8.40. 


8.10 DIASTEREOISOMERS AND RESOLUTION 


In addition to the physical difference between enantiomers, there are also chemical differences. 
However, these chemical differences are seen only in reactions with other chiral substances. 
Analogies with hands are again useful. A major difference between hands appears when they 
interact with other chiral objects. A right hand fits better into a right glove than it does into a left 
glove. In terms of molecules, the fit of one molecule with another is of great importance in deter- 
mining how (and even if) reaction can occur. In Figure 8.41 we show in a rough way the manner 
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Т, 


Figure 8.41 Fit of enantiomers with ап ordered template. Only one of the models is able 
to match groups with the template. The other enantiomer can not match 
groups with the template no matter how we rotate it or orient it in space. 


in which only one enantiomer can fit with a specified template. The alternate enantiomer does 
not fit with the template. 

This type of distinction between enantiomers is frequently found in biological systems. Two 
enantiomers may be supplied to an organism, but only one is actually used by that organism. The 
other enantiomer is ignored by the chiral biological reagents and is often excreted unchanged. 

Such differences appear in non-biological systems as well. Consider a generalized reaction 
of both the dextrorotatory and levorotatory forms of an alcohol with only the dextrorotatory 
form of a chiral reagent, as shown in Figure 8.42. The fit between the (+)-reagent and the alco- 
hol is different with each of the enantiomers of the alcohol. The difference in fit leads to a rate 
difference for the two reactions. 

Consider further the reaction pair shown in Figure 8.42. Each of the products contains two stere- 
ogenic centers. One stereogenic center is derived from the initial alcohol and one from the initial 
reagent. The two products are diastereoisomers, not enantiomers. One portion of each product may 
be thought of as being a mirror image of the corresponding portion of the other product. However, 
the entire molecules are not mirror images of each other—they are diastereoisomeric. 

Again, we can construct analogies using common chiral items to help us to understand the 
molecular concept. We are interested in what happens when we combine two separately chiral 
entities into one structure. We once again call upon our hands to illustrate the concept. If we use 
our right hand to clasp the right hand of another person, we get a different combination (right- 
right) than if we use our right hand to clasp the other person's left hand (right-left). Furthermore, 
the two handclasps are not mirror images. They differ from each other in a way other than the 
way mirror images differ. (The mirror image of a right-right handclasp is a left-left handclasp.) 

Except for the rotation of the plane of plane-polarized light and reactions with other chiral 
molecules, one enantiomer of a compound exhibits the same chemical and physical properties 
as the other. Diastereoisomers exhibit significantly different chemical and physical properties. 
An actual formation of diastereoisomers from a racemic alcohol is shown in Figure 8.43. 
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(+)-alcohol + (+)-reagent и [(+)-alcohol:(+)-reagent] 


(-)-alcohol + (+)-reagent ----->- |(-)-а1сопо!:(+)-геагепЦ 


FIGURE 8.42 


НЗС 11, . 
CHCH,” 


CH;CH,,,, 
Н.С” 


FIGURE 8.43 


Addition of a (+)-reagent to each of an enantiomeric pair of alcohols. The two 
reactions in general do not proceed at the same rate or produce the same 
yield. Moreover, while each reactant has one stereogenic center, there are 
two stereogenic centers in each product. These products are not enantiomers; 
they are diastereoisomers. The enantiomer of the product (+)-alcohol:(+)- 
reagent would be (-)-alcohol:(-)-reagent, but this species does пої form іп 
this reaction since no (-)-геадеп is available. 


H H H H 
/$ " 5) амСН;СН; НзС/,,, /$ $\ an CHCH; 
УСН — СН;СН,” УСН 
“он с—с/ : 9^ Noc 3 
N N 
О 
н н н н 
/р 4 5) МСНСН; CH3CH;;,, Хк 5) АУСН;СН; 
СН — СН; СН 
Хон а--с/ | 3 No—c^ 3 
N 
(0) 


Formation of diastereoisomers from an enantiomeric pair of alcohols. The 
reaction shown here is that of an alcohol with an organic acid chloride to 
form an ester (similar to the formation of a phosphate ester as discussed in 
Chapter 6). Both the alcohol and the acid chloride contain stereogenic 
centers. The products each contain two stereogenic centers. Only one of these 
stereogenic centers is the same in the two products, which are therefore 
diastereoisomers rather than enantiomers. 


Diastereoisomeric relationships are possible whenever more than one stereogenic center is 
present in a molecule. Consider again the stereoisomers of 2,3-butanediol as shown in Figure 8.44. 

Each of the (+) and (—) rotating pure enantiomers (A and B in Figure 8.44) exhibits a melt- 
ing temperature of 20°C. A racemic mixture of these two enantiomers melts at 7.6°C. Structure 
C has a melting temperature of 34.4°C. 

The different properties of diastereoisomers turn out to be useful for the separation of 


enantiomers. 


If we perform a reaction on a racemic mixture with a suitable chiral reagent, 


diastereoisomers will be formed. For example, diastereoisomers are formed in the reaction 
of racemic 2-butanol with a single enantiomer of 2-methylbutanoyl chloride, as shown in 


Figure 8.43. 
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Once the diastereoisomers have been formed we can use their different chemical and 
physical properties to separate them. Sometimes a solvent can be found in which one 
diastereoisomer is more highly soluble than the other. The less soluble diastereoisomer can then 
be isolated by precipitation and filtration. 


EXERCISE 8.3 


Gather a dozen pairs of gloves and mix them in a box. In a dark room (or blindfolded) 
reach into the box and try to fit each glove onto your right hand. All gloves that fit com- 
fortably on your right hand place to your right. All gloves that do not fit comfortably onto 
your right hand place to your left. After trying to fit all gloves onto your right hand, remove 
the blindfold (or turn on the light) and note your efficiency in performing this separation 
of enantiomeric forms (right and left gloves). 


We can use other methods that are often more efficient than fractional crystallization for 
separating diastereoisomers. For example, we can often separate diastereoisomers by ordinary 
chromatographic procedures. Diastereoisomers in general have different interactions with even 
achiral materials. Suppose we dissolve a pair of diastereoisomers in some solvent. We then allow 
the solution to drip through a column of an insoluble solid such as alumina (АБО3з). The 
diastereoisomers interact differently with the alumina, one adsorbing to it more strongly than the 
other. The one that binds less strongly exits the column more quickly (using less solvent) than 


CH; СН; . 
| (nonsuperimposable 
СН; ! CH; on the structure 
но“ | NOH on the left) 
H ! н 
І 
І 
~ І ^, 
H OH , | HO B 
B 
CH; | CH; 
| (superimposable 
CH; i CH, оп the structure 
Wy i ' on the left) 
E OH | HO J 
| 
н“ | “н 
OH HO 
C C 


FIGURE 8.44 Stereoisomers of 2,3-butanediol. Structures A and B represent a pair of 
enantiomers. Structure C contains the same groups bound to each of the two 
stereogenic centers as do A and B (they all have the same connectivity), but it 
is not a mirror image of either. It represents a different structure, and it is a 
diastereoisomer of A and B. Structure C is superimposable on its mirror image 
(shown) and is therefore not optically active (also see earlier discussion). 
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the one that binds more strongly. The earliest volume of solvent coming through the column will 
contain one diastereoisomer. The other diastereoisomer will be in some later volume of solvent. 

Once the diastereoisomers have been separated, a reversal of the formation reaction can be 
used to obtain the pure (+) and (—) rotating forms of the alcohol. (For the system shown in 
Figure 8.43, we would cleave the alcohol and acid portions of the ester using aqueous base. This 
reaction will be discussed in later chapters.) The separation of enantiomers by these approaches 
is again a resolution, but with more efficient techniques than Pasteur used. 


Special Topic 


Biochemical Resolutions 


Resolutions may be performed directly on racemic mixtures without the preliminary isolation of 
diastereoisomers. However, the enantiomers still need to interact with a chiral reagent. The peptidic 
catalysts for biological reactions (enzymes) are always chiral. Thus, we can at times use them to 
provide us with pure enantiomers directly from the racemic mixtures. 

An example of this technique is the selective oxidation of only one enantiomer of racemic cis-3- 
(2’-hydroxyethyl)cyclopentanol [we will refer to the two enantiomers (+)A]. The enzyme catalyzing 
the oxidation is horse liver alcohol dehydrogenase (HLADH), with NAD* as the biological oxidiz- 
ing agent. (We discussed NAD* as an oxidizing agent in the Biological Oxidations section in 
Chapter 5. We will consider it in more structural and chemical detail in Chapter 28.) 


OH OH О 


HLADH 
NAD* + —_____»> 


(+)A 
unreacted (+)A B 


+ NADH + H* + other products 
derived from B 


Both the NAD+ and the enzyme are chiral species. The NAD+ molecule in biological systems is 
a single stereoisomer containing eight stereogenic centers. The enzyme is composed of amino acids, 
each of which (except for achiral glycine) is present in only one stereoisomeric form. The chiral cat- 
alyst and oxidizing agent interact preferentially with one of the enantiomeric forms of the substrate 
(A). That form of the substrate is oxidized much more rapidly than its enantiomer, as illustrated 
below. 

The (—)A reacts rapidly and is converted to B and other related materials. The (+)A species, how- 
ever, remains untouched and can be isolated as a pure enantiomer from the reaction mixture. In one 
sense this is not a true resolution, as one of the original enantiomers is destroyed. The procedure is 
often called a kinetic resolution—one enantiomer reacts faster than the other. 
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% The tetrahedral nature of bonding about carbon leads to the phenomenon of chirality in 
organic molecules. When four different groups are attached to a tetrahedrally bonded 
carbon atom, we say that the carbon atom is stereogenic. 


% When a single stereogenic (chiral) carbon atom is present in a molecule, that molecule 
will be capable of existing in two enantiomeric forms, which are nonsuperimposable 
mirror images. 


% Enantiomers exhibit identical physical and chemical properties, except for: (1) their inter- 
action with plane-polarized light, and (2) their interaction with other chiral molecules. 


% Enantiomers will rotate the plane of polarization of plane-polarized light in equal amounts 
in opposite directions. 


% Because they fit differently with other chiral molecules, enantiomers will react with them 
at different rates. 


% When more than one stereogenic center is present in a molecule, there may exist as many 
as 2" optical isomers, where и is the number of stereogenic centers. 


% Fewer stereoisomers than 2” will exist if there is the possibility of particular symmetry in 
the structure. Stereoisomers exist as enantiomeric pairs and/or as meso-compounds, with 
the meso-compounds being optically inactive. 


% Enantiomeric pairs and their diastereoisomeric meso-compounds have the same 
connectivity. 


% Diastereoisomers exhibit different physical and chemical properties from each other, and 
may be differentiated by ordinary chemical and physical means. 


% We have several methods of making two-dimensional representations of three-dimensional 
stereogenic centers. We can use these methods to deduce systematic designations for the 
absolute configuration about any given stereogenic center. 


Terms to Remember 


stereochemistry achiral specific rotation 

isomer number racemic mixture optical purity 

regioisomers plane-polarized light relative configuration 

chiral optically active absolute configuration 
connectivity electromagnetic radiation Cahn-Ingold-Prelog system 
configurations polarizer diastereoisomer 
stereoisomers circularly polarized light plane of symmetry 
stereogenic center resolution meso-compounds 
enantiomers dextrorotatory conformational enantiomers 


asymmetric levorotatory molecular chirality 


Problem 8.1 


Draw clearly the structures for the pair of enantiomers of each of the following 
compounds: 


a) 3-bromo-1-butanol 
b) 3-methyl-3-hexanol 


с) 1 -bromo-2-butanol 


(answer) 


Problem 8.2 
Calculate the specific rotation using the data given for each of the following samples: 


a) A rotation of -7.87° is observed for а 2.00 M solution of leucine 
((CH3);CHCH;CH(NH5)CO;H) in 5.0 N hydrochloric acid using a cell 20,0 cm in length. 


b) A rotation of -30.9° is observed for a 2.00 M solution of cholesterol (molecular 
weight 386.66) in chloroform using a cell 1.00 dm in length. 


с) А rotation of +14.8° is observed for a liquid sample of pure 2-octanol in a cell 
2.00 dm in length. The density of 2-octanol is 0.838 g/mL. 


(answer) 


Problem 8.3 


Remembering that a racemic mixture has zero rotation and 0% optical purity for each 
enantiomer, calculate the optical purity for each of the following: 


a) p-citronellol that exhibits a specific rotation of -1.4° 
b) lactic acid that exhibits a specific rotation of +0.4° 
с) 2-methyl-1-butanol that exhibits a specific rotation of -5.2° 


(answer) 


Problem 8.4 


Tell whether each of the structural pairs shown below represent enantiomers or identical 
structures. 


à CH, CH,CH, 
H Br and B H 
CH, CH; CH; 
b) CH; 5 
H,, " and _— CH=CH, 
CH, =CH = 
I CH, 
c) OH H 
сњ-сн—|_-сн,сн; and сн;-сн— он 
H CH, CH, 
d) Br Br 
па апа Н.С H 
(СНз), СН 3 
СН(СН з), 


(answer) 


Problem 8.5 


For each of the following Newman projections, provide a correct Fischer projection 
showing the configuration of each stereogenic center. 


a) CH; CH; 
HL Br 
HO CH, CH 3 
CH, CH; 
b) 
H H 
CH; СН, ы. ОН | 
НО СН; 
Н Н 
с) H Cl 
HL CH=CH, иш; 
Н.С С 
Cl Cl 


(answer) 


Problem 8.6 


For each of the following Fischer projections, provide a correct Newman projection 
(staggered conformation) showing the configuration at each stereogenic center. 


a) H 
CH, + СН CI 
H Br 
CH; 
b) H 
CH; СН, OH 
HO H 
CH=CH, 
c) 


(answer) 


OH 
H СН(СН 3); 
H; C Br 
H 


S СІ 
H 


Problem 8.7 


Give the proper designation (R or S) for the stereogenic center in each of the following 
molecules: 


a) H,C 
„ИН 
СН ,Вг 
Вг 
n СН,- Н 
ла 
ОН 
Н 
с) 
СН СН, 
ue 
Br 
BrCH, 
d) H 
ae 
CH(CH 
HS (Єна) 
е) 
Н.С 
ше 
H 
Br,CH 


(answer) 


Problem 8.8 


The stereoisomer of 2,3-butanediol considered in Figure 8.34 and Figure 8.35 could also 
be named as (2R,3S)-2,3-butanediol. Verify that both names describe the same material. 


(answer) 


Problem 8.9 


Determine the (R,S)-configuration designation for each of the stereocenters in the 
naturally occurring carbohydrate D-ribose. The structure is shown here as a Fischer 
projection. (The carbonyl group shown at the top is designated as position 1 in the chain.) 


CH(O) 
H OH 
H OH 
H OH 
CH, OH 


(answer) 


Problem 8.10 


Draw all possible valid Fischer projections for (R)-2-butanol. How many can exist? Now, 
flip each diagram by 180" (i.e. so that the top and bottom groups interchange, and the two 
sides interchange). Are the flipped projections still R? 

Now, rotate your original drawings 


(a) clockwise through 90* 
(b) counterclockwise through 90° 


Do these new diagrams still represent (R)-2-butanol? Explain why or why not. What 


general conclusions can you make about the validity of flipping a Fischer projection 
through 90° and 180° to get a different view of the original stereoisomer? 


(answer) 


Problem 8.11 


For each of the following pairs of structures, tell which are ordinary enantiomers and 
which are conformational enantiomers. 


a) | 
І 
І 
І 
Br. : | 
| 
І 
І 
І 
b) | CH, CH; 
| | 
| СН, 
H, | H Н, С . ~H 
1 
І 
CH, CH, 
с) 
Вг. Br 


(answer) 


Problem 8.12 


Draw the structure for each of the following compounds, indicating any stereogenic 
centers that are present. 


a) 2-bromobutane 

b) 2-methylcyclohexanol 
с) 3,4,5,6-octanetetrol 

d) 2,4-dibromopentane 
e) 2,3-dimethylbutane 

f) 1,2-cyclopentanediol 
g) 1,3-cyclohexanediol 


h) 2,4-dibromo-3-ethylpentane 


(answer) 


Problem 8.13 


For each of the compounds listed in Problem 8.12, give the number of theoretically 
possible stereoisomers. 


(answer) 


Problem 8.14 


For each of the compounds listed in Problem 8.12, draw a clear stereochemical wedge 
structure for each of the possible stereoisomers (do not draw duplicates for meso- 
structures). 


(answer) 


Problem 8.15 


For each of the compounds listed in Problem 8.14, give the correct R,S designation for 
each stereogenic center. 


(answer) 


Problem 8.16 


Tell which of the compounds listed in Problem 8.15 are meso-compounds. 


(answer) 


Problem 8.17 

Draw a clear stereochemical wedge structure for each of the following: 
a) (R)-2-hexanol 
b) (S)-2-methyl-3-hexanol 
с) (3R,5R,6S)-5-bromo-3,5,6-trimethylnonane 
d) (S)-3-chloro-2-methylpentane 
e) (385,4 R)—3,4-dibromohexane 
f) (1S,3R)-1,3-dimethylcyclopentane 
g) (35 ,5,5)-3 4,5 -octanediol 
h) (1R,2R,5S)-2-chloro-5-methylcyclohexanol 
i) (S)-3-methyl-3-hexanol 


p (3R,4R)-3,4-dichloro-2-methylhexane 


(answer) 


Problem 8.18 


For each of the compounds listed in Problem 8.17, draw a correct Fischer projection 
showing each of the stereogenic centers 


(answer) 


Problem 8.19 


A sample of В-сигопеПо! was found to exhibit a specific rotation of +4.00° under 
standard conditions. Calculate the optical purity of the sample. 


(answer) 


Problem 8.20 


A pure sample of dextrorotatory a.-pinene exhibits a rotation of +5 1.14°. What is the 
optical purity of a sample of о-ртепе that exhxibits a rotation of +10.5° under the same 
conditions? 


(answer) 


Problem 8.21 


Decide whether each of the following statements is true or false. Give an explanation for 
each answer. 


a) АП chiral compounds have diastereoisomers. 

b) All molecules with stereogenic carbon atoms are chiral. 

c) All (R)-configuration molecules are dextrorotatory. 

d) Chemical reaction of an (R)-configuration molecule will always produce another 
(R)-configuration molecule provided that no bonds to the stereogenic center are 
broken. 


(answer) 


Problem 8.22 


How many stereogenic carbon atoms are present in each of the following molecules? 


a) CH; 

. H 
9) CH, 

4 H 
c) CH; сн, 

H3C OH 

CH, CH, 
O 
O 
d) 
Н.С CH, 
Н.С 


е) cholesterol (6.2) 


(answer) 


Problem 8.23 


Identify the stereogenic center in each of the following molecules as either R or S: 


a) H 


суси, сн, 


CH=CH) 


b) 


с) 


d) 
Br 


суси, ——cn, 
CH, OH 


(answer) 


Problem 8.24 


Identify as R or S the stereogenic center(s) in each of the following compounds: 


a) H 
H H 
HOCH, CEN 
CH; 
b) 
CH,CH, 
H Br 
CH; 
с) М 
Hl 
C 
Н.С H 
H CH-O 


(answer) 


Problem 8.25 


Identify as R or S the stereogenic center(s) in each of the following compounds: 


a) 
1“ 
b) 
Br, 
CH(CH,), 
c) CH, CH;CH(CH;); 


CH-O 


(answer) 


Problem 8.26 


For each of the following, complete the Fischer projection on the right so that it 
represents the same stereoisomer as the Newman projection on the left. 


a) a CI 
H. CH, CH; 
Н.С Н 
Вг Вг 
b 
CH; ca 
H CI 
H Br 
CH; Br 


(answer) 


Problem 8.27 


For each of the Fischer projections shown on the right, complete the Newman projection 
on the left so that it represents the same stereoisomer. 


a) 
ы. | H C=N 
HO H 
CH, CH; 
b 
| CH; CH; 
N H Br 
| H Br 
Br CH=CH, 


(answer) 


Problem 8.28 


When (R)-3-chloro-2-methyl-1-propanol is treated with phosphorus tribromide, а 
compound of formula C,HgBrCl is produced. Give the complete structure of this 
compound showing its stereochemistry. Give the name of the compound, indicating the 
configuration of any stereogenic center. 


(answer) 


Problem 8.29 


A chiral compound of formula СН i3OBr is converted to an achiral compound of formula 
C6Hı2Br2 when treated with phosphorus tribromide. Deduce the structure of the organic 
starting material and product in this reaction. 


(answer) 


Problem 8.30 
How many stereoisomers are possible for each of the following? 
a) HOCH2CH(OH)CH(OH)CH(OH)CH3 


b) 2,3-dibromopentane 
c) 2,3-dibromobutane 


(answer) 


Problem 8.31 


Draw wedge structures illustrating the stereochemistry for each of the stereoisomers in 
Problem 8.30. 


(answer) 


Problem 8.32 
A solution of a sample is examined in the polarimeter. An apparent rotation of +5.0° is 


measured. What further experiment would you need to do to determine whether the 
sample had rotated the plane of plane-polarized light by +5°, +365°, or —355°? 


(answer) 


Problem 8.33 
A certain dextrorotatory stereoisomer has a rotation of +14.6° when pure. Calculate the 


percentages of dextrorotatory and levorotatory forms present in a sample that has a 
measured rotation of 49.4". 


(answer) 


Problem 8.34 


Identify the pairs of structures shown below as enantiomers, identical, or 
diastereoisomers. 


a) 
E, and 
H} C 
b) H 
H,C H - H CH, 
H сн, Н.С CH-CH, 
OH H 
с) М 
I 
C CH; 
H C=N 
and 
CH(CH3); 
d 
OCH, 
H СН; 
апа 
H CH; CH; 
СІ 
е) H 
B CH; 
d 
Br сн,сн, 4 
H 


(answer) 


Problem 8.35 
How many meso-structures can exist for the following general formula? 
HOCH2CH(OH)CH(OH)CH(OH)CH(OH)CH20H 


Draw the structure for each meso-compound. 


(answer) 


Problem 8.36 


For the general formula given in Problem 8.35, draw wedge structures for those 
molecules that are optically active. 


(answer) 


Problem 8.37 


A variety of compounds containing phosphorus as a stereogenic center can be isolated 
and stored as pure enantiomers. For each of the following structures, give the Cahn- 
Ingold-Prelog designation for their chirality. 


a) 


b) 


с) 


(answer) 


Problem 8.38 
How many stereogenic centers are present in the structure shown below? 


CH, CH; 


O 


H 


For each of these stereogenic centers, give the R,S designation. 


(answer) 


Problem 8.39 


The compound (R)-1-chloro-2-methylbutane is levorotatory. On treatment with chlorine 
under appropriate conditions it is converted to dextrorotatory 1,4-dichloro-2- 
methylbutane. Is the product (R} ог (5)-, or is there insufficient data to decide? Explain 
your answer. 


(answer) 


Problem 8.40 


Provide a complete IUPAC name and stereochemical designation for the following 
compound: 


CH; 
Br 


Br 


CH, CH; 


(answer) 


Problem 8.41 


Compare each of the following structures with the structure shown in Problem 8.40. 
Indicate whether each depicts an enantiomer of that structure, a diastereoisomer of that 
structure, or simply a different view of that structure. 


a) b) с) 

сн,сн; CH; H 

Br H B H НзС Вг 

Br H H Br CH, CH, Br 
СН; СН, СН; Н 

d) е) 
CH; 
Br H Br Br H 
H Br H p 
CH, CH 

CH, CH, H3C p: 


(answer) 


Problem 8.42 


Which of the following objects are chiral? 


a) a baseball bat (without logo) 
b) a golf club (driver) 
с) а six-sided (cubic) gaming die (with spots) 


(answer) 


Problem 8.43 
Draw Newman projections depicting the (R)-enantiomer of each of the following: 


a) 1-bromo-1-chloroethane 
b) 1-bromo-1-methoxypropane 


(answer) 


Problem 8.44 


From each of the following pairs, choose the group with the higher Cahn-Ingol-Prelog 
priority. 


a) -N-O or -N(OH)CH; 
b) —P(O)(OH), or -P(OH); 
с) -С-С-Н or —C(CH3)2CH(CHs3)2 


d) 
or 
c `H c ‘н 


(answer) 


8.1-answer 


In each instance, find the stereogenic carbon center and attach the groups about reflecting 
planes. 


a) 
mirror plane 
І 
І 
Вг i Br 
І 
[ 
аз Н ! H. , г 
C | С 
CH, | онус N 
HOCH, CH, | СН, СН, ОН 
| 
1 
1 
1 
1 
b) 
mirror plane 
[ 
І 
CH; CH, CH, CH; 
І 
І 
СН | ЊЕС,, 
С: ' 3 1 3 UC 
Сон | но 
СН; СН, СН» i CH, CH, CH, 
| 
І 
І 
І 
І 
с) 
mirror plane 
І 
[ 
BrCH, i CH, Br 
І 
1 
аз Н ! H. , 
Cy ! uA © 
Ж SoH | Ho" Ne 
| 
1 
1 
І 
І 


8.2-answer 


In each instance, use the appropriate formula. 


a) 
specific rotation of 
a solution of a pure = [g]/ = —% 
substance Іх с 
= (-7.87°)/(2 dm)(131.18 g/mole)(2 mole)/(1000 mL) 
- -15.0° 
b) 
specific rotation of 
a solution ofa pure = [g]/ = © 
substance D ix 
= (-30.9°)/(1 dm)(386.66 g/mole)(2 mole)/(1000 mL) 
= -40.0° 
с) 
specific rotation of 
a pure liquid 2 Час „а 
substance D 1х2 


= (+14.8°)/(2 dm)(0.838 g/mL) 


= +8.8° 


8.3-answer 


Consult Table 8.1 to find the specific rotation of each pure enantiomer. 


a) 

до optical purity = 100(-1.4°/-5.3°) = 26.4% 
b) 

% optical purity = 100(+0.4°/+2.6°) = 15.4% 
с) 


% optical purity = 100(-5.2°/-5.8°) = 89.7% 


8.4-answer 

In each part of the problem, one must consider the process of converting one structure 
into the other by switching two groups on one structure until it matches the alternative 
structure. If an odd number of switches are required to accomplish this, the structures are 
enantiomers. If an even number of switches are required, the structures are identical. 

a) identical 

b) identical 


c) identical 


d) enantiomers 


8.5-answer 


a) CH; 
HO CH, CH, 
Br H 
СН; 
b) H 
HO CH; 
HO CH, CH, 
H 
c) CI 
H CH, 
СН,-СН H 


CI 


8.6-answer 


CH, =CH_ Cl 
Br H 
H 
b) OH 
HO. CH=CH, 
H CH, CH, 
H 
c) OH 
Н; CL H 
H СН(СН;), 


Вг 


8.7-answer 


a) S 
b) R 
с) R 
d) S 


e) S 


8.8-answer 


In Figure 8.34 and Figure 8.35 a particular stereogenic site was noted arbitrarily as 
carbon atom 2 and the other as carbon atom 3. It was not necessary to make this 


particular arbitrary choice for designation of the stereogenic sites. The alternative 
possibilities could just as well have been chosen. Consider the site as chosen: 


Designated as carbon 2 in the chain 


CH, assign 
НА -SOH priorities 


H Ж ОН 
СН; 
Orient for а Newman 
projection with the 
group of lowest 
priority pointing 
1 3 away 
HO CH, 
) | 
CH(OH)CH, 
2 


S 


It is a totally viable alternative approach to designate the other stereogenic center in the 
molecule as "carbon 2" along the chain, since the molecule has an aspect of symmetry for 


its connectivity: CH3;CH(OH)CH(OH)CHs3. That is: 


“СНз 
H. “ОН 
H у OH 
CH; 


Designate as carbon 2 in the chain 


From Figure 8.35 we remember that this particular carbon atom was assigned the 
designation "R" using the Cahn-Ingold-Prelog approach. Thereby the compound could 
also be named (2R,35)-2,3-butanediol. 


8.9-answer 

Positions 2, 3, and 4 along the chain are stereocenters. 
2R 

3R 


AR 


8.10-answer 


CH, CH, OH CH, 
но—|—сн, н,с—|—сн,сн, CH; сн, он 
H H H 
H H H 
H; сон СН, СН, —|—сн, но—|—сн, CH; 
CH, CH; OH CH, 
CH; CH, CH, OH 
нон, CH; u——on н--си, 
OH CH; CH, CH, 
H, с-н но--н СН. СН, —|=н 


There are 12 valid Fischer projections for (R)-2-butanol. When we rotate them 180° we 
are exchanging two sets of substituents, thus regenerating the original stereochemistry. 
This is shown here for the top-left corner structure. 


180P 
rotation 
CH, CH, H 
нон, к=; н,с— он 
Н CH, CH, 


This structure is identical to one previously drawn (left column, second row). 


Rotating a structure by 90° in space (either clockwise or counterclockwise) results in the 
horizontal linkages directed away from the viewer and the vertical linkages directed 
toward the viewer. The result is not a valid Fischer projection for the (R)-2-butanol. 
These, instead, viewed as Fischer projections, are representations of the enantiomer, (5)- 


2-butanol. Using the top left (proper) Fischer projection for (R)-2-butanol shown above, a 
90° rotation clockwise is shown below. Note that the result is not one of the 12 structures 
shown above and is, in fact, one that reduces to a designation of (S)-2-butanol. (With the 
structure shown to the right, the orientation of 1-2-3 is clockwise and the hydrogen (4) is 
pointed toward the viewer - an S structure as per Table 8.3.) 


90b 
rotation 


CH, CH, OH 


но с С soen, 


H CH; 


8.11-answer 
a) ordinary enantiomers 
b) conformational enantiomers 


с) conformational enantiomers 


8.12-answer 


Stereogenic centers are indicated by arrows. 


a) f) 


5) 


: | 
b) OH 
d 


он ОН қ 
ae * 


d) Br Br 


тт 


е) 


8.13-answer 


а) 2 
b 4 
c) 16 
d 4 
e 1 
f) 4 
g) 4 


h) 8 


8.14-answer 


a) 


c) NOTE: Owing to the symmetry of the system, fewer than the 

16 theoretically possible stereoisomers exist. In fact, because of the 
symmetry with the 4 stereogenic sites, other than simple meso-structures 
are "duplicates." 


HOH OHOH 


но” “он 
R,R,S,S S,R,S,R 
same as S,S,R,R same as R,S,R,S 
OHOH OHOH 


R,R,SR S,S,R,S 
same as R,S,R,R same as S,R,S,S 
OHH 


„ОН 


S,R,R,R S,S,S,R 
same as R,R,R,S same as R,S,S,S 


e) 
f) 


meso 


No stereochemical designation - achiral molecule 


HO OH 


meso- 


9 но OH HO H H OH 
HU ^H н” “OH но “H 
meso- 


h) NOTE: Owing to the symmetry of the structure, not all theoretically possible stereoisomers 
are capable of existence. 


Br M Br H 


Н CH,CH, 


meso- 


8.15-answer 


a) Br H 


c) NOTE: Owing to the symmetry of the system, fewer than the 

16 theoretically possible stereoisomers exist. In fact, because of the 
symmetry with the 4 stereogenic sites, other than simple meso-structures 
are "duplicates." 


Е ООН i онон 


но” “он 


R,R,S,S S,R,S,R 
same as S,S,R,R same as R,S,R,S 


e) 


R,R,S,R S,S,R,S 
same as R,S,R,R same as S,R,S,S 


OHH 


Ko: 


но“ 


S,R,R,R S,S,S,R 
same as R,R,R,S same as R,S,S,S 
OHH H OH 


«ОН HO., 


meso 


No stereochemical designation - achiral molecule 


[в 
"OH 
meso- 
9 но OH HO n H OH 
К. 8 R. YR 5. 5 
Н H H” “OH НО" "H 
meso- 


h) NOTE: Owing to the symmetry of the structure, not all theoretically possible stereoisomers 
are capable of existence. 


BrH в H BrH pg, H 
RÄ С RX S 
S f- В Ў. 
CH;CH; H H CH,CH, 

meso- meso- 
BrH НВ н г gH 
R а: 5 3 
SY S 


8.16-answer 
a) neither 
b) none 


c) Compounds listed (R,R,S,S), (5,К,5,К), (S,S,R,R,), (R,S,R,S), (5,К,К,К), and (R,S,S,S) 
are all meso-compounds. 


d) (К,5) is a meso-compound 

е) none 

f) The (К,5) structure is a meso-compound. 
g) The (R,S) structure is a meso-compound. 


h) The (К,5,5) and (R,S, S) compounds are meso-compounds. 


8.17-answer 


a) 


b) 


c) 


d) 


e) 


g) 


H CI 


8.18-answer 


a) 


д 
a 
= © 
= 
е 
m 
е 
= 
е 
m 
е 
= 


©) CH, CH, 


e) CH, CH, 


g) 


h) 


p 


CH, CH;CH,; 
CH,CH, —|--он 
CH, 


CH(CH;), 


8.19-answer 


optical purity (as a percentage) = 100(| ог ]/[0]) 
optical purity = 100([+4.00]/[5.3]) = 75.596 


(see Table 8.1) 


8.20-answer 


optical purity (as a percentage) = 100([ ог ]/[0]) 


optical purity = 100([+10.5]/[51.14]) = 20.5% 


8.21-answer 


All statements are false. The rationale: 


a) Diastereoisomers (for molecules with stereogenic centers) require more than 
one stereogenic center to be present. For example, 2-butanol, with one 
stereogenic center has only 2 enantiomers. There are no diastereoisomers for 
2-butanol. 

b) Compounds with a single stereogenic center will be chiral. With more than 
one stereogenic center the molecule may or may not be chiral. For example, 
(2R,3S)-2,3-butanediol is not chiral although stereogenic centers (2) аге 
present. The molecule has an internal plane of symmetry, is superimposable 
on its mirror image, and thereby is achiral. It is a meso-structure. 


с) The absolute configuration designation has nothing to do with the direction or 
magnitude of rotation of plane-polarized light at any wavelength. 
d) Such reactions may lead to (R)-, (S)-, or achiral molecules, depending on the 


particular reaction that occurs. For example, the reactions shown below are of 
a (R)-compound that lead to (S)- and achiral products 


KMnO, 
KOH 
HOCH, н H,O НО, С .H 
RN on игрища а 
CH4OCH; У Е CH4,OCH, 3 
1. NaH 
2. CHI 
CHOCH, y 
CH 
CH4OCH; 3 


achiral 


8.22-answer 


a) 0 
b) 1 
с) 4 
а) 1 
е) 8 


8.23-answer 


a) 
b) 
с) 
d) 


ших 


8.24-answer 


a) S (front) 
b) S (front); R (rear) 
с) R (front); R (rear) 


8.25-answer 


a) R (front); S (rear) 
b) S (front) 
с) S (front); S (rear) 


8.26-answer 


Cl 

H CH, CH; 

Н.С H 
Br 
b 
CH; 
] 
AH C 
H Br 


Cl 


Br 
Cl 
H4,C H 
H CH; 
Br 


8.27-answer 


a) 


b) 


CH, CH, 
H C= 
HO H 
CH, 
CH, 
H Br 
H Br 


8.28-answer 


CH,OH CH,Br 
аси, —| си, С> СІСН, сн; 
H H 


(R)-3-chloro-2-methyl-1-propanol (S)-1-bromo-3-chloropropane 


8.29-answer 


From the formula for the chiral starting material we know that it must be an open-chain 
compound with a stereogenic site. Further, the bromine present must be attached to a 
substituent about the stereogenic site in a manner similar to the point of attachment of the 
hydroxyl group. (It must be a hydroxyl group that provides the oxygen atom, owing to the 
nature of the reaction — replacement by a bromine.) The following represents one of two 
possibilities for this system. The other possibility starts with the enantiomer of the 
starting material. 


CH, OH CH,Br 
BrCH, CH, С> BrCH, CH, 
CH, CH, CH, CH; 


starting material (chiral) product (achiral) 


8.30-answer 


a) 


b) 


с) 


There are three stereogenic carbon centers, and there is no possibility of a 
plane of symmetry in any of the stereoisomers. Thus, there are possible, and 
will be capable of existing, 8 stereoisomers. 

There are two stereogenic carbon centers, and there is no possibility of a plane 
of symmetry in any of the stereoisomers. Thus, there are possible, and will be 
capable of existing, 4 stereoisomers. 

There are two stereogenic carbon centers, but there is a possibility of a plane 
of symmetry in the system. Thus, while there are theoretically 4 possible 
stereoisomers, two of these represent the same meso-compound, and 3 
stereoisomers can actually exist. 


8.31-answer 


4) HO H 


H Br 


c) 


Br H 


H Br 


Br H 


meso- 


8.32-answer 


You need to change the concentration of the sample and measure it again. Suppose we 
increase the concentration of the sample, in the same tube and solvent, by a factor of 1.5. 
If the apparent rotation from the initial concentration were really +5°, the observed 
rotation for the more concentrated sample would be +7.5". If the actual rotation of the 
initial sample were +365”, the measured rotation for the more concentrated sample would 
be +187.5°. If the actual rotation of the initial sample were —355°, the measured rotation 
for the more concentrated sample would be +172.5°. 


8.33-answer 


The optical purity is given by: 


optical purity (as a percentage) = 100([a’ ]/[0]) 
In this instance, optical purity = 64.4% 


This means that the difference (35.6 96) is racemic. Thus, the portion of the sample that is 
the dextrorotatory enantiomer is 


[(64.4%) + (35.6%/2)] = 82.2% 


and the portion that is the levorotatory enantiomer is 17.8%. 


8.34-answer 


a) 
b) 
с) 
d) 
e) 


identical 
identical 
identical 
enantiomers 
diastereoisomers 


8.35-answer 


There are two meso-structures. 


CH,OH СН, ОН 
H OH H OH 
H OH HO H 
H OH HO H 
H OH H OH 

СН, ОН СН, ОН 


The symmetry of Ше system results in there being far fewer than the theoretically 
possible a (16) total stereoisomers. 


8.36-answer 


The optically active structures are shown as enantiomeric pairs. 
HO OH 


„но OH 
HO ' is al 


H H 


“он но“ 


HO OH HO OH 


8.37 -answer 


a) S 
b) R 
с) R 


8.38-answer 


There are 3 stereogenic centers. 


R 


8.39-answer 


The reaction occurs at a site distant from the stereogenic center. If we understand that no 
bond is broken at the stereogenic center (as is quite reasonable as no change is evident in 
the product at that site) and only at the distant site, then the absolute configuration about 
the stereogenic site is unchanged. As illustrated with the structures below, the designation 
of the stereogenic site is also unchanged and the product is (R)- 1,4-dichloro-2- 
methylbutane. It simply happens that the direction of rotation of the plane of plane- 
polarized light at the standard wavelength for the product is counterclockwise rather than 
clockwise as with the starting material. There is no simple correlation of rotatory status 
with absolute configuration, so this is not an illogical situation. 


СІСН, СІСН 
СН, CH; 22 CH,CH,CI 


CH, L——» CH, 
H 


8.40-answer 


(2S,3R )-2,3-dibromopentane 


8.41-answer 


a) 
b) 
с) 
d) 
e) 


a different view of the same stereoisomer 
a diastereoisomer 

the enantiomer of the structure 

a different view of the same stereoisomer 
the enantiomer of the structure 


8.42-answer 


a) Achiral – it has a plane of symmetry running the length of the bat 

b) Chiral – there are left-handed and right-handed drivers (putters are often 
achiral) 

c) Chiral 


8.43-answer 


a) b) 
CI 


8.44-answer 


a) -N=O 

b) -Р(О)(ОН)› 
с) -С-С-Н 

d) 


bu 
Cl H 


CARBON-CARBON DOUBLY 
Вомрер Systems I. 
STRUCTURE, NOMENCLATURE, 
AND PREPARATION 


9.1 INTRODUCTION 


We briefly mentioned substances containing the carbon-carbon double bond in earlier chapters. 
The carbon-carbon double bond constitutes the alkene functional group. Substances that con- 
tain the carbon-carbon double bond as their only functional group are referred to as either 
alkenes or olefins (an older term referring to their condition of being “oily” materials). 

A large number of naturally occurring substances contain the alkene functional group. These 
compounds range from components of petroleum to substances of importance in animals and 
plants. The simplest alkene, ethene (9.1), is not only a major industrial chemical, but is also a 
plant hormone. In the latter role it helps to ripen fruit. 

Substances with two, three, four, . . . double bonds are called dienes, trienes, іеігаепеѕ. .. . 
Many such substances play major roles in living organisms. We will discuss some of them later 
in this chapter. 

The alkene functional group has a rich and interesting chemistry. In this chapter and the next 
we will begin to explore the structural and chemical properties associated with the carbon- 
carbon double bond. In doing so we will forge ahead into some new areas. At the same time, 
however, we will see that the principles we learned in earlier chapters will guide us. We will even 
encounter some of the same reaction intermediates that we first saw in the reactions of alcohols. 


H H 
\ / 
C=C 
/ N 
H H 
ethene (also known as ethylene) 


9.1 


239 
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9.2 STRUCTURE AND GEOMETRY ASSOCIATED 
WITH THE ALKENE GROUP 


PLANAR TRIGONAL GEOMETRY 


Each carbon atom of an alkene group is tricoordinated, that is, it is bonded to three other atoms. 
Use of the VSEPR model suggests a planar trigonal geometry about such carbon atoms. This 
prediction is generally in good agreement with experimental observations. Even so, small devi- 
ations from the ideal bond angles of 120° are commonly observed. Several examples are shown 
in Figure 9.1. 


HYBRIDIZATION 


Earlier we applied the hybridization model to a tricoordinated carbon atom. From the bonding 
geometry of alkenes, we infer that each carbon atom of the double bond uses three sp? hybrid 
orbitals to form three o bonds to the atoms directly attached to it. All of these bonds lie in a plane 
with angles of 120° between them. Using this model, for each carbon atom of the double bond, 
one of the three available p orbitals is not hybridized. Thus, two p orbitals lie side-by-side in a 
plane perpendicular to the plane containing the six atoms bonded by the sp? orbitals. A т bond 
results from the side-to-side interaction of these two p orbitals. 

The carbon-carbon o bond component of the double bond is the result of an end-on sp?-sp? 
overlap. The carbon-carbon л bond has electron density above and below the plane containing the 
atoms of the alkene unit. These bonding interactions are schematically presented in Figure 9.2, and 
an overall bonding diagram is shown in Figure 9.3. 

Not surprisingly, a double bond is stronger than a single bond. However, it is important to real- 
ize that a double bond is not twice as strong as a single bond—z bonding is appreciably weaker 
than o bonding. Indeed, it is the relative weakness and the spatial disposition of the л bond that 


Ё А Ж ü 120° Е а 121° = 
NUN mI ЧАЈА, 
B V сс ЕС с=с 
/ N / N / N 
R' H H H H H 
general alkene theoretical ethene actual ethene 
> а ie 124 н 
3 3 
V / E 5m. 
с=с 112 СЕС 
7 \ \ 
H H H,C H 
propene methylpropene 


FIGURE 9.1 Bond angles in alkenes. Small deviations from the theoretical 120? bond angle 
are common. For the general alkene, angle A is increased over the 120? while 
angle B is decreased. 
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Ld 


П 
| 
І 

^ ^ 
| 
1 

” 


с bond formed by the overlap 
of sp? hybrids 


т. bond formed by the overlap 
of unhybridized p orbitals 


Figure 9.2 The carbon-carbon double bond. The o bond involves ап end-on interaction of 
a pair of sp? hybrid orbitals. The x bond involves a side-to-side interaction of 
two carbon 2p orbitals. 


lead to much of the important chemistry of the alkene functional group. In terms of bond energies, 
we find that only 60-65 kcal/mole must be expended to break the л bond of a double bond, com- 
pared with about 160-170 kcal/mole to break both bonds of the double bond. We can infer that 
about 100-110 kcal/mole is needed to break the o bond of a double bond. Thus, the o bond is 
40-50 kcal/mole stronger than the л bond. 

We also find that the carbon-carbon double bond distance is shorter than the carbon-carbon 
single bond distance. The carbon-carbon (single) bond of ethane is 0.153 nm (1.53 À), whereas 
the double bond of ethene is only 0.134 nm (1.34À). A subtle point relating to both bond 
energies and bond distances is that б bonds formed from sp? hybrids are somewhat stronger 
(and shorter) than corresponding bonds formed using sp? hybrids. The strength can be corre- 
lated with the greater degree of s character of the electrons in the bond formed with sp? hybrid 
orbitals. Electrons in an orbital with greater s character are held more tightly to the nucleus. 
Thus, bonds formed from hybrids with greater s character are more difficult to break. If we com- 
pare the various types of hybrids, we find that sp? hybrids have 25%, sp? hybrids 33 1/396, and 
sp hybrids 5096 s character. A comparison of the carbon-hydrogen bond lengths and bond dis- 
sociation energies for ethane, ethene, and ethyne are given in Table 9.1. The correlation among 
the different types of hybridization and bond length are clearly seen. 

The carbon-hydrogen bonds are both shorter and stronger in alkenes and alkynes than they 
are in alkanes. We rationalize this difference in terms of the greater degree of s character in the 
carbon orbitals used in forming the o bonds in the unsaturated molecules. The greater degree of 
s character in the hybridization correlates with the bonds being both shorter and stronger. 

We will later find that we can associate different types of hybridization with significant dif- 
ferences in the chemistry of apparently similar molecules. We will need to consider this 
phenomenon in several different contexts as we meet new classes of compounds and reactions. 
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(c) 


FIGURE 9.3 Schematic diagram showing the formation of a carbon-carbon double bond. 
(a) Two sp2 hybridized carbon atoms with parallel unhybridized p orbitals. 
(b) Formation of the carbon-carbon o bond in ethene by end-on overlap of two 
sp2 hybrids (bonds are also shown to the associated hydrogen atoms). 


(c) Formation of the x bond by side-to-side overlap of the unhybridized 
p orbitals. 


TaBLE 9.1 Carbon-Hydrogen Bond Energies and Distances. 


Compound Hybrid Used by C-H Bond Distance Homolytic C-H Bond 
Carbon [nm] (A) Dissociation Energy 
(kcal/mole) 
Н;С-СН; sp? 19). TL ПЛ (ПЕШ?) 98 
Н;С-СН, sp? [0.1103] (1.103) 104 
HCsCH 


sp [0.1079] (1.079) 121 
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CONFORMATIONAL RIGIDITY 


A molecule such as ethane moves through a spectrum of conformations as rotation about its 
carbon-carbon bond occurs. In Chapter 2 and Chapter 8 we used various projection drawings (such 
as sawhorse and Newman) to depict the different conformations. We say there is free rotation about 
carbon-carbon single bonds (other factors not intervening). 

A very important feature of the double bond is that there is no free rotation about it. This 
rigidity is associated with the different symmetry properties of the bonding orbitals of 
с bonds and л bonds. Let us consider these differences in symmetry. The electron density 
associated with a single (c) bond has cylindrical symmetry with respect to the internuclear 
axis. The б bond therefore remains intact when rotation occurs. We find that molecules con- 
taining only single bonds are generally able to rotate freely into various conformations, 
unless some other type of barrier is imposed by the molecular structure (e.g., a ring structure 
or steric hindrance). 

Now, consider what happens when a double bond is present. We remember that a double 
bond is a combination of one с bond and one л bond. If we consider rotation about the internu- 
clear axis, we again find that the б bond remains intact. At no stage of the rotation is the 
end-to-end o interaction of the carbon atom sp? hybrid orbitals disrupted. However, the л bond 
is progressively weakened as the rotation occurs. In fact, it is completely destroyed after 90° of 
rotation (see Figure 9.4). After a 90? rotation, the two p orbitals would be in mutually perpen- 
dicular planes. The p orbitals so oriented are said to be orthogonal. Orthogonal orbitals do not 
interact with each other. 

This model predicts some interesting features for alkenes. One is a rigid structure about the 
carbon-carbon double bond. Indeed, we find that while the conformational forms of butane 


pn 


parallel orbitals, clean overlap orthogonal orbitals, no overlap 


Figure 9.4 Rotation about a л Bond. Rotation about a double bond weakens the bond since 
it destroys p orbital overlap. After 90? of rotation the p orbitals are in 
perpendicular planes and can not overlap. The л bond is then completely broken. 
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These conformations of butane are interconvertible owing to free 
rotation about the central carbon-carbon bond. 


Figure 9.5 Structures of butane and 2-butene. While butane is able to undergo free 
rotation about the central carbon-carbon bond, 2-butene is not. There are two 
isomers of 2-butene, whose nomenclature is described in Section 9.3 


shown in Figure 9.5 do constantly interconvert, the corresponding structures of 2-butene (also 
see Figure 9.5) do not. These structures of 2-butene are in fact not those of conformational 
isomers, but of true isomers. The two isomers of 2-butene can be isolated from each other and 
do not readily interconvert. 

These isomers of 2-butene, like other isomers, have different chemical and physical proper- 
ties. Any naming system for alkenes must be capable of assigning unique names to the two 
isomers. We will now address this issue in the general context of alkene nomenclature. 


9.3 NOMENCLATURE OF ALKENES 


BASIC PRINCIPLES 


The IUPAC approach to naming simple alkenes requires that we first locate the longest contin- 
uous carbon chain containing the carbon-carbon double bond. This chain provides the root 
name for the compound. We number the chain beginning at the end that provides the smaller of 
the possible numbers for the first carbon atom of the double bond. This number is used as a pre- 
fix to specify the position of the double bond along the chain. To indicate that the compound is 
an alkene, we replace the —ane ending of the root alkane with the -епе ending. We list 
substituents as usual in alphabetical order with numerical designation of their positions along 
the chain. Cycloalkenes are named in an analogous manner, assigning one sp? carbon the 
number —1- and the other the number —2-. Six examples are shown in Figure 9.6. 
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CH4CH;,CH = CH; CH4CH;CH — C(CH3) 


1-butene 2-methyl-2-pentene 


(CH3CH,),C = C(CH,CH3), 


3,4-diethyl-3-hexene 


HC .H 
Q М 
cyclohexene (R)-3-methyl-1-cyclopentene 
CH, 
methylenecyclohexene 


Figure 9.6 Nomenclature for simple alkenes and cycloalkenes. 


PRIORITIES IN NOMENCLATURE 


Consider substance 9.2 illustrated below: 
BrCH,CH=CH, 
9.2 


This compound contains both a double bond and a bromine atom. Should we name it 
1-bromo-2-propene or 3-bromo-1-propene? 

The IUPAC rules provide a system of priorities for functional groups to enable us to choose 
a standard name for such compounds. A partial listing of functional group priorities for nomen- 
clature is given in Table 9.2. 

We see that he alkene functional group has a higher nomenclature priority than does a halogen 
atom. The double bond of compound 9.2 takes precedence in numbering the carbon chain and pro- 
viding the suffix for the root name. We give the double bond the lower of the possible numbers and 
name the compound as 3-bromo-1-propene. 
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ТАВиЕ 9.2 Partial List of Functional Group Nomenclature Priorities. Functional groups аге 


shown in decreasing priority for nomenclature descending within the table 
[-CO;H higher priority than -СН(О), etc.]. 


Functional Group Name ending 
-COH -oic acid 
-СН(О) -al 

—CR(O) -one 

-ОН -ol 

—NR> -amine 

x / -епе 

с=с 

ССЗ 

-С-С- -упе 

-R, -X, -NO, used only as prefixes 


In contrast, consider the structure 9.3. 
H5C — CHCH;CH;OH 
9.3 


Table 9.2 shows that a hydroxyl group has a higher nomenclature priority than does an 
alkene group. This time we must number the carbon chain so as to associate the lower possible 
number with the carbon bearing the hydroxyl group. The IUPAC name is thus 3-buten-1-ol (not 
]-buten-4-ol or 4-hydroxy-1-butene). 


NAMING GEOMETRIC ISOMERS 


The cis/trans notation is commonly used to specify the distribution of substituents about a 
carbon-carbon double bond. For example, the two 2-butene isomers shown in Figure 9.5 are 
known as cis-2-butene (9.4) and trans-2-butene (9.5), illustrated again below. These isomers are 
geometric isomers, a category of stereoisomers. Because these compounds are stereoisomers 
but are not enantiomers, it follows that they are diastereoisomers (see Chapter 8). 


ШТА a H Wy „CH3 
., = C^ С—С“ 
вс” “сн; НС ^H 
cis-2-butene trans-2-butene 
9.4 9.5 


The two methyl groups of the cis-2-butene molecule are on the same side of the double bond 
(viewed with a plane cutting lengthwise along the molecule, perpendicular to the plane in which 
the four carbon atoms of the molecule exist), while the methyl groups of trans-2-butene are on 
opposite sides of the double bond. In general, the term cis is used when two similar groups are 
on the same side of the double bond and trans when they are on opposite sides. (The groups could 
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be hydrogen atoms, alkyl groups, and so forth, or the alkyl groups of the parent chain itself.) 
When more than one double bond is present, we must indicate the position and geometry about 
each double bond. Two examples are illustrated below, trans,trans-2,4-heptadiene (9.6), and 
trans, cis-2,4-heptadiene (9.7). 


CH3CH) H H H 
/ \ / 
7 m S Á А = E y 
H с=с CH3CH; с=с 
/ X ЈА N 
H СН; Н СН; 
trans ,trans-2,A-heptadiene trans, cis-2,4-heptadiene 
9.6 9.7 


Unfortunately, the cis/trans notation might not always provide an unambiguous name for a 
compound. Consider, for example, the following compound (9.8): 


In, 


H3C ,CH3CH;CH; 
г. C — C Ei 
(CH3),CH™ У“Сн;СН; 
9.8 


We see that the methyl group attached to the double bond is cis relative to a propyl group, 
but trans relative to an ethyl group. The IUPAC rules recommend the use of E/Z descriptors to 
avoid any ambiguity in such instances. With this approach the recommended protocol for 
describing molecules is related to that used for describing the absolute configuration about stere- 
ogenic centers. 

The pairs of groups attached at each end of the double bond are assigned priorities according 
to the Cahn-Ingold-Prelog rules (see Chapter 8). Using these rules, the isopropyl on the left end 
(9.8) is assigned a higher priority than the methyl group on the same carbon. Similarly, the propyl 
group on the right end is assigned a higher priority than the ethyl group on the same carbon. When 
the groups of higher priority at each end are on opposite sides of the double bond (as they are here), 
that is, in a trans relationship, the descriptor E is used (e comes from the German word entgegen, 
meaning “оррозие”). If the groups of higher priority are on the same side of the double bond 
(i.e., are in a cis relationship), the descriptor Z is used (Z comes from the German word zusammen, 
meaning “юсефег”). The naming of 9.8 and its geometric isomer 9.9 is shown in Figure 9.7. 

At times we can use either the cis/trans or the E/Z system to name a compound without ambi- 
guity. However, it is not necessarily true that all E compounds are trans or that all Z compounds 
are cis. For example, we could name molecule 9.10 unambiguously as either (Z)-2-iodo-2-butene 
or as trans-2-iodo-2-butene. Each system uses a different basis for the descriptor, and each 
describes the molecule correctly according to its rules. 


LL Ку 


НЗС 
H7 “CH; 


9.10 
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H4C ср, СН;СН;СН; ЊС „ _„ СН2СНз 


== С: “СС 


(E)-4-ethyl-2,3-dimethyl-3-heptene (Z)-4-ethyl1-2,3-dimethyl-3-heptene 
9.8 9.9 


Figure 9.7 Demonstration of the use of E/Z notation for the geometry about carbon- 
carbon double bonds. When the groups of higher priority at each end of the 
double bond are on opposite sides of the double bond, the descriptor E is used; 
when they are on the same side of that double bond, the notation Z is used. 
The groups of higher priority are shown circled in the structures. 


monosubstituted _ CH4CH-CH; CH3;CH,CH,CH=CH, 
1 Сн; н н 
disubstituted (CH3),C=CH, с=с с=с 
\ / \ 
H3C H Н.С CH; 
CH3CH;, CH,CH,; 
trisubstituted = = 
risubstitute (CH3),C=CHCH, £ с 
Н;С H 
CH3CH, СН; 
tetrasubstituted (CH3),C=C(CH3) ec 


N 
НС — CH,CH, 


Figure 9.8 Classification of alkenes. We classify alkenes as mono-, di-, tri-, ог tetrasubstituted 
according to the number of alkyl groups attached to the carbon atoms of the 
double bond. 


DEGREE or SUBSTITUTION ABOUT A DouBLe BOND 


We often refer to double bonds as being monosubstituted, disubstituted, and so forth. This clas- 
sification system is based on the number of alkyl groups attached to the carbon atoms of the 
double bond. Several examples are shown in Figure 9.8. 


9.4 NATURAL PRODUCTS CONTAINING 
DOUBLE BONDS 


Many important natural products (compounds derived from biological sources) contain one or 
more carbon-carbon double bonds. Of particular interest in this section are those that contain 
repeating five-carbon structural units known as isoprene units. Isoprene itself is the diene 
2-methyl-1,3-butadiene (9.11). 
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-- Chemical biography 


KARL ZIEGLER 


А b. 1898 
2-methyl-1,3-butadiene d. 1973 
(isoprene) Ph.D. University Marburg/ Lahn 
9.1 (von Auwers) 1923 
The skeleton of isoprene is found as a repeat- Nobel Prize (Chemistry) 1963 
ing unit in the structure of a great many natural Стотло NATTA 
compounds, hence the term isoprene unit. These b. 1903 
natural compounds do not contain carbon-carbon d. 1979 
double bonds in the positions where they occur in Ph.D. Polytechnic of Milan 1924 


isoprene—instead, the carbon skeleton is present. 
For example, consider the molecule geraniol 
(9.12), a compound found in the oil of the gera- 
nium plant. 


Nobel Prize (Chemistry) 1963 


OH 


geraniol 
9.12 


We can envision the carbon skeleton of geraniol as arising from the union of two units of 
isoprene, as shown in Figure 9.9. 

The structures of several other familiar substances composed of isoprene units are shown in 
Figure 9.10. Hydrocarbons formally derived from two isoprene units are known as monoterpenes. 


5 2 os 


Ғісиве 9.9 Isoprene units in geraniol. We сап envision the carbon skeleton of geraniol as 
being composed of two fragments (isoprene units) joined as shown. The 
isoprene units in the geraniol molecule are circled on the structure on the right. 
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myrcene o.-farnesene 
(found in bayberry—contains (isolated from oil of 
two isoprene units) citronella, contains three 
a terpene isoprene units) a sesquiterpene 


squalene 

(present in large quantities in shark oil—up to 40%; 
also present in yeast, wheat germ, and olive oil, 

contains six isoprene units and is the biological 


precursor of steroids) a triterpene 


В-сагоѓепе 
(found in carrots and other plants, 
contains eight isoprene units) 
a tetraterpene 


OH 


Vitamin A (retinol) 
(Carotene is broken down in the body into 
two molecules of retinol, each of which contains 
four isoprene units. Being derived from a diterpene, 
it is known as a terpenoid.) 


Figure 9.10 Several compounds composed of joined isoprene units. The common names 
shown are in standard use. We can derive IUPAC names for these and related 
compounds, but such names are quite unwieldy for general use. The classification 
of terpenoids as a function of the number of isoprene units that each contains is 
shown in Table 9.3. The isoprene units are circled in several examples. 
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CH, о i H,C— CH, H,C —CH, НС 
C—CH C—CH cH рен 


/ 
Н.С НЗС НЗС НЗС 
or 
CH, Н.С 
\ / 
C—CH 
/ 
Н.С 


n 


Figure 9.11 The structure of natural rubber. Natural rubber can be represented as a 
polymer composed of repeating isoprene units. 


Natural rubber is a compound of high molecular weight, obtained from the milky sap (latex) 
of the rubber tree. When we heat natural rubber in the absence of air, it yields isoprene. We can 
think of natural rubber as a polymer of isoprene units, as shown in Figure 9.11. 


Special Topic 


Rubber 


Raw rubber must be vulcanized before use to give it desirable properties. The process of vulcaniza- 
tion was invented in 1839 by Charles Goodyear and involves the heating of crude rubber with sulfur. 
Vulcanization forms crosslinks between polymer chains, and these crosslinks enable the rubber to 
resist distortion. The gross structure of vulcanized rubber is shown schematically below. 


polymer chains 


Sulfur atoms provide the crosslinks between individual polymer chains. Vulcanized rubber 
returns to its original shape when stress is removed. It is said to be an elastomer. Elastomers have 
flexible chins with some crosslinking. 
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Polymers are substances containing many repeating units of some fundamental building 
block. Most natural rubber has a molecular weight in excess of one million. However, variations 
in molecular weight occur depending on the source of the rubber and the method of processing. 
A material essentially identical to natural rubber can be synthesized by a reaction of isoprene 
with a Ziegler-Natta catalyst. This catalyst is a mixture of triethylaluminum and titanium tetra- 
chloride that facilitates the polymerization of isoprene and other dienes. (Refer to Chapter 29 for 
a full discussion of polymers, Ziegler-Natta catalysts, and related topics.) 

The synthesis of terpenes and terpenoids by living systems does not involve isoprene itself. 
Rather, synthesis proceeds through isopentenyl pyrophosphate (9.13) and dimethylallyl 
pyrophosphate (9.14), which are biosynthesized from acetic acid. These materials contain phos- 
phate ester linkages (see Chapter 6) and phosphorus acid anhydride linkages. 


о - О 
| Қ [| А 
0-Р-0-Р0; а 0-Р-0-РОз 7 


о” о” 
isopentenyl pyrophosphate dimethylallyl pyrophosphate 
(trianion form) (trianion form) 

9.13 9.14 


The pyrophosphate group in each of these compounds is easily displaced. It is a good leav- 
ing group, being the conjugate base of a moderately strong acid. The biosynthesis of terpenes 
occurs through the displacement of pyrophosphate by another isopentenyl pyrophosphate or 
dimethylallyl pyrophosphate unit. Larger isoprenoid molecules are produced in a similar fash- 
ion. We classify these materials as monoterpenes, diterpenes, and so forth, on the basis of the 
number of carbon atoms in the molecule. The classification is shown in Table 9.3. 


9.5 АІКЕМЕ HOMO AND LUMO 


The molecular orbital picture of the x bond of a simple alkene starts with the side-to-side overlap 
of 2p orbitals, which generates л bonding and m antibonding (д“) orbitals as shown in 
Figure 9.12. The x bonding orbital is the alkene HOMO and the л antibonding (1*) orbital is the 
LUMO. 


ТАВІЕ 9.3 Classification of Terpenoids. 


Number of Carbons Classification 
10 monoterpene 
15) sesquiterpene 
20 diterpene 
30 triterpene 


40 tetraterpene 
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Energy 


LUMO 
TU 


1 НОМО 


FIGURE 9.12 The x molecular orbitals associated with an alkene. In the ground state а pair 
of electrons occupies the л-Бопй та molecular orbital. 


Light can cause the promotion of an electron from the л to the x* level, as shown in 
Equation 9.1. An alkene molecule that has been excited in this way has one electron шал molec- 
ular orbital and one in ал” molecular orbital. No net л bonding exists. The alkyl groups at each 
end of the original double bond can now rotate about the (remaining) o bond (with cylindrical 
symmetry), and interconversion of cis and trans isomers can occur. In such a way an equilibrium 
mixture of cis- and trans-2-butene can be generated from either of the pure isomers (Figure 9.13). 


hv 
т —— т (Eq. 9.1) 


Another example of cis-trans isomerism under the influence of light is worthy of note here. 
The chemistry of vision depends on this type of process. In the rods of the eyes, retinal combines 
with a protein called opsin to produce rhodopsin. Of the five carbon-carbon double bonds in reti- 
nal, one is converted from a cis form to the trans form by the absorption of light, as illustrated in 
Figure 9.14. This isomerization causes a nerve impulse to be sent to the brain, initiating the sen- 
sation of vision. The cis compound is constantly regenerated from the trans isomer through the 
action of proteins (enzymes). The regeneration process takes time—that is why a very bright light 
produces temporary blindness. Compare the structures of retinal and Vitamin A (Figure 9.10). The 
Vitamin A that we eat is oxidized in the body to retinal. Lack of Vitamin A is the diet can lead to 
total blindness since there is no other route to generate the required retinal. 

Variations in the energy of the HOMO and LUMO of different alkenes provide insight into 
the operation of substituent effects, that is, electronic effects that substituents exert on the sys- 
tems to which they are attached. The energy differences between HOMO and LUMO can be 
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+ 


НЗС H m hy H H 
| | H CH; НАС CH; 


energy loss 


НЗС H H H 
H CH; НЗС CH; 
76% 24% 


FIGURE 9.13 Photochemical equilibration of cis- and trans-2-butene. Shining light of 
appropriate wavelength on either cis- or trans-2-butene causes excitation of an 
electron from the л bonding molecular orbital to the л* antibonding molecular 
orbital. The consequence is that zero net x bonding stabilization remains, and 
free rotation about the remaining o bond can occur rapidly. By the time energy 
is lost and the excited electron returns to the т bonding molecular orbital, 
rotation has occurred to provide an equilibrium mixture of products. 


this double bond 
is isomerized 


= x hv хх хх. у 2CHO 


СНО 


11-cis-retinal 11-trans-retinal 


FIGURE 9.14 Geometric isomerization in the process of vision. The light-induced isomerization 
of 11-cis-retinal to 11-trans-retinal is important in the process of vision. The rod 
cells of the eye contain a red pigment, rhodopsin, that is a complex of a protein, 
opsin, and the aldehyde 11-cis-retinal. Light induces a cis to trans isomerization of 
the double bond shown. This isomerization causes a nerve impulse to be sent to 
the brain. The 11-trans-retinal so produced is recycled back to the cis isomer in the 
presence of more light and the enzyme retinal isomerase. 
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calculated using the methods of wave mechanics or can be determined experimentally. A useful 
experimental procedure for investigating occupied orbitals involves measuring the amount of 
energy that must be supplied to an electron to free it from its orbital. The higher the energy of 
the orbital, the smaller the amount of energy that is needed to free an electron from it, as illus- 
trated in Figure 9.15. 

We refer to the energy needed to free an electron from the HOMO of a molecule as the first 
ionization energy or ionization potential of the molecule. The ionization potentials of some 
simple alkenes are compared in Table 9.4. Increasing the number of methyl groups about the 
double bond lowers the ionization potential of the molecule. This is a direct result of the higher 
energy of the HOMO upon substitution of methyl groups for hydrogen. From this observation 
we infer that the methyl groups are able to donate electron density into the region of the double 
bond. The donation of electron density helps to stabilize the positive charge that develops when 
an electron is ejected. 


Energy 
electron removed from the molecule 


| 


higher-energy | 
orbital | 


lower-energy 
orbital 


Figure 9.15 lonization energy for electrons in orbitals. The energy required to remove ап 
electron from its parent orbital completely out of the molecule is a measure 
of the orbital energy. Electrons in higher-energy orbitals are more easily 
removed than those in lower-energy orbitals. These energies are necessarily 
higher then those required for excitation to an empty orbital. 


TABLE 9.4 lonization Potentials of Several Alkenes. 


Compound Ionization Energy (eV) 
НС=СН, 1052 
H,C=CHCH; а 3 
Н;С-С(СН;); 9.23 
CH;CH=CHCH; (cis and trans) 9.13 
CH;CH=C(CH3)> 8.68 
(СНз)>С=С(СНз)> 8.30 


1 eV = 1 electron volt = 23.06 kcal/mole = 96.48 kJ/mole 
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Special Topic 


Pheromones Containing Carbon-Carbon Double Bonds 


Pheromones are chemicals that organisms use to communicate with one another. The purpose of the 
chemical communication might be the attraction of a mate, sending a signal for alarm, providing 
defense, or marking the location of food (trail pheromone). For example, geraniol (9.12) is a trail 
pheromone used by the honeybee. Some species even use chemicals to help their members gather 
for an event such as migration. 

Pheromones can be effective in extremely small quantities. For example, a male moth responds 
to 10712 mg of sex attractant present in a female. For this reason pheromone research has been a 
major topic of interest as it can lead to more efficacious methods of insect control. Small amounts 
of sex-attracting pheromones can be placed in traps to lure insects. Alternatively, tiny amounts of 
pheromone distributed over large areas of land confuse male insects as to the location of females. 
Breeding is then severely curtailed. 

Pheromones occur in miniscule amounts in organisms. In one study it was necessary to collect a 
half-million virgin female moths to extract just 12 mg of their sex attractant. For widespread use, it 
is necessary therefore that organic chemists elucidate the structures of pheromones and synthesize 
them in laboratories. Fortunately, many pheromones have reasonably simple structures. Many con- 
tain carbon-carbon double bonds. Some are terpenes. The structures of several pheromones are 
shown below. 


CH4(CH5) | (CH21CH; 


CH 
„72 == 
и 
p с к 
н н 
сн; CH; 

The alarm pheromone for several species muscalure (the sex attractant of 
of aphids. Other aphids stay away when the common housefly) 


they detect this substance. Squashing the 
body of even one aphid releases enough of 
this chemcial to alert other aphids 


E а А 
CH34(CH5); C=C 
\ / \ 
C=C H 
4 \ 
H H 


sex attractant of the silkworm moth 
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This situation reminds us of the role of alkyl groups in stabilizing carbocations and radicals 
(see Chapter 7). The effects we learn about in dealing with one type of organic system generally 
apply to related systems as well, so we can often make useful generalizations. Here our gener- 
alization is that methyl (and other alkyl) groups function as electron-donating substituents 
toward electron-deficient centers. 

We also expect that an alkene with a higher energy HOMO should be a more efficient 
electron-pair donor than an alkene with a lower-energy HOMO. That is, the one with the higher- 
energy HOMO will react more quickly as a nucleophile. We frequently observe this type of 
behavior, and we will meet some examples in the next chapter. 


9.6 SYNTHESIS OF ALKENES 


In Chapter 7 we saw one important synthetic route to alkenes, the dehydration of alcohols 
(Reactions 15 and 17). Recall the mechanistic steps of these reactions. Protonation of the alco- 
hol occurs first. Water is then lost, and a carbocation forms. The carbocation then gives up a 
proton from an adjacent carbon atom to some base in the solution. 

A second important method of alkene synthesis is dehydrohalogenation, the loss of the ele- 
ments of a hydrogen halide from a haloalkane. The reaction occurs by treatment of a haloalkane 
with a base. This reaction bears a superficial resemblance to the dehydration of alcohols, as 
shown in Figure 9.16. 

However, major mechanistic differences exist between the two reactions. Most alkenes 
undergoing dehydrohalogenation do so by the so-called E2 mechanism. (E stands for elimina- 
tion—the H and X are eliminated—and the 2 indicates that the reaction is bimolecular—two 
reactants come together in the rate-determining step.) We will focus our attention on the detailed 
aspects of this and related mechanisms in Chapter 12. We will have much to say then about the 
use of kinetic data in the study of organic reaction mechanisms. For the present, simply note that 
the E2 mechanism is a one-step reaction in which all bond-breaking and bond-formation occur 
in concert. Such a reaction is known as a concerted reaction. The curved-arrow formalism for 
the E2 reaction is shown in Figure 9.17. 


| | NS acid 
H OH 
\ A 
ж-е 
b" "i ес” 
ет 1 
Н X base 


FIGURE 9.16 Formal relationship between dehydration and dehydrohalogenation. 
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Ваве: N а + А и x 
H—C—C—X 
| | SN 


Figure 9.17 Curved-arrow depiction of Ше E2 reaction. The base provides a pair of 
electrons that bind a proton from the haloalkane. At the same time, the pair 
of electrons from the carbon-hydrogen bond moves into the region between 
the two carbon atoms producing the x bond. The halogen simultaneously 
departs with the pair of electrons from the carbon-halogen bond. Part of the 
driving force for this reaction is the solvation of the displaced halide ion. The 
reaction occurs in a single mechanistic step. Further discussion of this reaction 
and a molecular orbital analysis of it are presented in Chapter 12. 


a-carbon atom 


Мо! 


--С--С--С-- 


H X 


В-сагһоп atoms 


Figure 9.18 Terminology of haloalkane sites. Haloalkanes must have at least one hydrogen 
attached to a B-carbon atom in order for E2 elimination to be possible. The 
carbon bearing the halogen is referred to as the o-carbon, and the carbons 
adjacent to it are referred to as B-carbons. 


A minimum requirement for the E2 reaction of a haloalkane is that it has a hydrogen atom 
bound to the carbon atom adjacent to the one bearing the halogen, as shown in Figure 9.18. This 
site is referred to as the B-carbon atom. 

Several examples of the formation of alkenes by the dehydrohalogenation route are shown in 
Equations 9.2—9.7. In most of these examples the base is an alkoxide anion, that is, the conjugate 
base of an alcohol. Remember that alcohols have pK, values >15 and thus are weak acids. The 
result is that alkoxide anions are relatively strong bases. You should also recall that alkoxides can 
be prepared from alcohols by the action of sodium or potassium metal. 


CI H 

H K*t-OC(CH3)3 эбе 
м— 

“ H 


H 


chlorocyclodecane cyclodecene 
97% (Eq. 9.2) 


CHAPTER 9 + CARBON-CARBON DouaBLv BONDED Systems I 259 


СО 
CH4CH,CH,CH,CH;CH,CHjBr ——— ——  CH3CH;CH;CH;CH;CH = СН, 
1-bromoheptane 1-heptene 
51% 
(Eq. 9.3) 
K* OCH,CH 
(СС — ————S3». CH3 CH=CH; 
2-iodopropane propene 
94% (Eq. 9.4) 
НЗС. СН; НАС CH; 
К+ - OCH;CH; 
Br 
H 
2,2-dimethyl-1-bromocyclopropane 3,3-dimethylcyclopropene 
84% (Eq. 9.5) 
м ^ч. 
1-pentene 
23% 
| 
K* -OCH;CH E 
єн OO: ЕВ 
Вг 
cis-2-pentene 
2-bromopentane 13% 


pa cm 
trans-2-pentene 
38% 


(Eq. 9.6) 
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Br 
H K* OCH;CH; 
——————— ure 
18-crown-6 
bromocyclohexane cyclohexene 


83% (Eq. 9.7) 


In Equations 9.2—9.5 a single alkene is favored in the dehydrohalogenation reaction. In each 
instance there is only one product that could be generated by the removal of a halogen and a 
hydrogen from adjacent carbon atoms. However, in Equation 9.6 we find that a mixture of three 
isomeric pentenes is obtained (1-решепе, cis-2-pentene, and trans-2-pentene). The mixture 
arises because there is more than one way in which H and Br may be eliminated from 2-bro- 
mopentane, as shown in Figure 9.19. 

When internal nonsymmetrical haloalkanes undergo E2 elimination using unhindered bases, 
formation of the more highly substituted alkene products is favored. (Hindered bases often result 
in a reversal of the orientation; see Chapter 12.) For example, as illustrated in Equation 9.6, the 
dehydrohalogenation of 2-bromopentane with ethoxide anion produces only 23% l-butene, 
while the 2-pentenes constitute 5196 of the yield. The result is important and revealing, and we 
will return to consider it in various contexts in the next several chapters. For the moment we will 
simply note that for most (but not all) purposes, the formation of a mixture of products is a 
nuisance that we generally wish to avoid. 

The last example (Equation 9.7) is a simple elimination that is facilitated by the ionophore 
18-crown-6 (9.15). This material is a polyether that binds the potassium ion, leaving the ethox- 
ide ion as a more reactive naked anion. (See the special topic “Supramolecular Effects" in 


H 


| 


H Br H 
1-pentene mixture of 2-pentenes 


АсовЕ 9.19 Formation of pentenes from 2-bromopentane. In general, the dehydrohalogena- 
tion reaction yields a single alkene product in only two types of systems. Only 
terminal alkene is formed if the halogen is attached to a terminal carbon atom. 
Also, a single alkene product is obtained for certain symmetric haloalkanes within 
which all modes of dehydrohalogenation yield the same product. 


CHAPTER 9 + CARBON-CARBON DOUBLY Вомрер Systems I 261 


Chapter 3. There is a further discussion of crown ethers in Chapter 14.) The trivial name for this 
material derives from its three-dimensional shape (a crown with six points) and the presence of 
18 atoms in the ring, six of which are oxygen atoms. A molecular model of 18-crown-6 was 
shown in Chapter 3. 


СҮ 
T 
Фо 


Dehydrohalogenation of haloalkanes is but one of Ше methods for Ше synthesis of alkenes. 
This method has limitations for the preparation of specific alkenes in high yield. These limita- 
tions and our attempts to overcome them will be discussed in Chapter 12. 


* Each carbon atom of an alkene double bond is sp? hybridized, resulting in a trigonal pla- 
nar array of bonds about each carbon atom. The two carbon atoms of the double bond and 
the four attached atoms all lie in the same plane. 


+ The д bond of an alkene results from side-to-side overlap of the p orbitals that are left 
unhybridized. 


* Wename simple alkenes by finding the longest continuous sequence of carbon atoms con- 
taining the double bond and the greatest number of substituents, and than naming any 
alkyl or halo substituents. 


* Under normal conditions, free rotation about the double bond is impossible since there is 
insufficient energy to break the x bond. This rigidity makes possible the existence of geo- 
metric isomers. 


* We may name geometric isomers by either the cis/trans system or the E/Z system. 


* In naming compounds with multiple functional groups, group priorities (Table 9.1) tell 
which group takes precedence in the numbering of the carbon chain. 


* Many natural products contain carbon-carbon double bonds. The terpenes, whose struc- 
tures are composed of fragments known as isoprene units, make up one class of such 
compounds. 
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* Two important preparative methods for generating a carbon-carbon double bond are 
dehydration of an alcohol using an acid and dehydrohalogenation of an alkyl halide using 
a base. While dehydration involves the intermediate formation of a carbocation, dehydro- 
halogenation usually does not. 


¢ The principal mechanism by which dehydrohalogenation occurs is E2, a one-step reaction 
in which bond breaking and bond formation occur simultaneously. 


¢ The molecular orbital view of a double bond provides insight into many of the details of 
alkene behavior. 


* The energy of the HOMO provides information about the effects of substituent groups 
(electron donating or releasing) attached to a double bond. 


¢ The ionization energy (potential) of the molecule is a good experimental measure of the 
HOMO energy. 


¢ With increasing alkyl substitution about a double bond, there is a steady decrease in ion- 
ization potential, suggesting an electron-donating ability for the alkyl groups that is 
consistent with our earlier findings. 


* Light can promote a т bonding electron into a д“ antibonding orbital. The x bonding 
order is thus reduced to zero, and rotation about the carbon-carbon linkage can occur. This 
process is important in vision and a variety of other systems. 


Terms to Remember 


alkene monoterpenes dehydrohlogenation 
orthogonal polymer E2 mechanism 
cis/trans notation Ziegler-Natta catalyst concerted reaction 
E/Z descriptors substituent effects 

isoprene units ionization potential 


Reactions of Synthetic Utility 


18. | | \ / 
H—C—C-x ае „ с 


Alkyl halide is 1? or symmetrical in nature; the base is 
generally an alkoxide or other strong base. 
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Ketone 
6,7 
10.11,13 
5 9,12 
Phosphate Ester -——————- Alcohol > Carboxylic Acid 


8,9,10,12,13 


9,12 
1,2 
3,4 Aldehyde 
14,16 


18 Alkene 
Haloalkane 


Problem 9.1 


Provide IUPAC names for each of the following structures: 


a) CH,CH, 
\ 
С--СН, 
СН, СН, CH;CH; 
b  H,C CH 
зА ще, 3 
с=с 
HC CH(CH4)CH , CH; 
c) 
CH,CH, 
\ 
С--С(СН;СН;); 
CH,CH,CH, CH/ 
d) 
сн; 
сн; 


е) oO 
CH,CH, 


(answer) 


Problem 9.2 


Name each of the following compounds by the IUPAC method. 


a) А, 
H, C=C 
CH, Br 
b) 


c) cı H 


d) 
(CH4); C-CHCH(Br)CH „ОН 


e) om Br 
f) CH, CH, CH; 
C—C 
J^ X 
Н.С CH, 


(answer) 


Problem 9.3 
Draw the structure for cis-1,2-dibromoethene and trans-1,2-dibromoethene. Which 


compound do you expect to have the higher boiling temperature? (HINT: Compare their 
dipole moments and the resulting intermolecular attractions.) 


(answer) 


Problem 9.4 


There are two other geometric isomers (besides 9.6 and 9.7) for the general category of 
compounds called 2,4-heptadiene. Draw their structures and name them. 


(answer) 


Problem 9.5 


Use the E/Z notation system to provide an unambiguous name for each of the following 
compounds: 


a) CH; СН)... — „СН, СН(СИ3)» 
(СНз), СНУ“ “SCH, CH, CH, 
Ы H CH,CH 
.., с. Де 2 3 


C 
Br та 


ше 
д) р Вг 
е) 
T 


(answer) 


Problem 9.6 

Draw structures for each of the following: 
a) (E)-2-bromo-2-pentene 

b) (2)-3-methyl-1,3,5-hexatriene 


с) (2Z,4Z)-hexadiene 


(answer) 


Problem 9.7 


Draw the structures for all Z alkenes of formula СН iebearing only one alkyl group on 
each of the sp? carbon atoms. 


(answer) 


Problem 9.8 


Provide IUPAC names for each of the alkenes in Figure 9.8. 


(answer) 


Problem 9.9 


Provide structures and unambiguous names for all of the disubstituted alkenes of formula 
С5Нь. 


(answer) 


Problem 9.10 


For squalene (Figure 9.10), outline the individual isoprene units. 


(answer) 


Problem 9.11 


What nonenzymatic laboratory procedure could you use to convert Vitamin A to 11- 
trans-retinal? 


(answer) 


Problem 9.12 


Which compound of each pair do you predict will have the higher ionization potential? 


a) propane or propene 
b) 1-рещепе or 2-pentene 
с) 2-methyl-1-pentene or 2-trifluoromethyl- l -pentene 


(answer) 


Problem 9.13 


Consider the dehydration of 1-butanol upon reaction with strong acid. A mixture of three 
alkenes is obtained from this reaction. Draw the structure of the alkenes and name them. 
Suggest a mechanism for the formation of each alkene. 


(answer) 


Problem 9.14 


When 1-bromopentane is treated with strong base to cause dehydrohalogenation, only a 
single alkene product is obtained (1-pentene). Explain why this observation suggests that 
a carbocation intermediate is not involved in this reaction. 


(answer) 


Problem 9.15 


Given 1-pentanol as your starting material, what series of reactions could you use to 
prepare 1-pentene uncontaminated by other alkene products. 


(answer) 


Problem 9.16 


Give the structure of a bromoalkane with the formula C4HoBr that is not primary and yet 
will yield a single product, СНз, upon dehydrohalogenation. 


(answer) 


Problem 9.17 


Provide IUPAC names for the molecules represented below. Be sure to specify any 
stereochemical descriptors (R,S,E,Z) that are needed to distinguish the given structures 
from any stereoisomeric forms. 


a) 


CH; CH; СН), СН(СН;); 
с=< 
/ \ 
H CH, 
b) 
Н.С 
IW A 
C=C 
H CH, CH, 
c) 
Н.С CH; НС H 
c= С=С 
\ / \ 
d) H 
р CH, 
e) CH-CH, 
Н.С CH, СН; 
H 
f) H 
с 
н. CH; 
н,с--сисну, 
Н 
5) (СНз) СН CH, CH, CH; 
с=< 


N 
CH,CH, сні сн, 


(answer) 


Problem 9.18 


Draw structures for each of the following: 


a) 
b) 
с) 
d) 
e) 
f) 


(Z)-4-methyl-2-pentene 
(E)-(S)-4-chloro-3-methyl-2-pentene 
(Z, Z)-2,4-hexadiene 
(Z)-2-methyl-2-buten-1-ol 
(E)-3,7-dimethyl-2,6-octadien- 1 -ol 


(Z)-4-ethyl-6-methyl- 1,4-hexadiene 


(answer) 


Problem 9.19 


Examine the structure of squalene in Figure 9.10. Which of the double bonds in this 
molecule must be specified as E or Zin writing an IUPAC name for it? Make these 
assignments and tell why it is not necessary to specify E or Z for all of the double bonds 
in this molecule. 


(answer) 


Problem 9.20 


Name the bromoalkane that will yield 4-ethyl-1-hexene and no other alkenes on treatment 
with potassium fert-butoxide in tert-butyl alcohol. 


(answer) 


Problem 9.21 
Provide the structure and name for each of the following: 
a) all disubstituted alkenes of formula Ce6Hi2 


b) all noncyclic trisubstituted alkenes of formula C;H 4 


(answer) 


Problem 9.22 


Tell which compound of each of the following pairs you would expect to have the larger 
dipole moment. Explain each answer. 


a) cis-2-butene or trans-2-butene 
b) cis- 1,2-dichloropropene or trans-1,2-dichloropropene 


с) (Z)-2,3-dichloro-2-butene or (£)-2,3-dichloro-2-butene 


(answer) 


Problem 9.23 


cis- 1-Chloropropene has a larger dipole moment than cis- l-bromopropene, yet it has a 
lower boiling temperature. Offer an explanation for this behavior. 


(answer) 


Problem 9.24 


Outline the isoprene units present in each of the following: 


limonene 


a) 
b) 
Is zingiberene 
с) 
p-selinene 


d) 
trans-p-farnesene 


SS M ZA 


(answer) 


Problem 9.25 


Consider the treatment of 1,3-dichloro-3-methylpentane with potassium fert-butoxide in 
tert-butyl alcohol. Draw the structures of all anticipated products and predict the relative 
amount of each that would be formed. 


(answer) 


Problem 9.26 


Name each of the following compounds, making use if necessary of the nomenclature 
priorities given earlier. 


a) 
b) 
H Br 
\ / 
С—С 
/ \ 
HC H 
c) 
OH 


(answer) 


Problem 9.27 


The compounds shown below have been identified as pheromones. Provide complete 
IUPAC names with appropriate stereochemical descriptors for each. (Hint: The n-alkane 
С Нов is known as dodecane.) 


a) 
2 bark beetle pheromone 


OH 
b) 


N trail pheromone of termites 


OH 


(answer) 


Problem 9.28 
Using the curved-arrow formalism, show how each of the following reactions occurs: 
a) 1-bromopentane with KOH in ethanol to yield 1-pentene 


b) tert-butyl chloride with KOH in ethanol to yield methylpropene 


(answer) 


Problem 9.29 


A student plans to prepare 1-hexene by dehydration of 1-hexanol. What problems do you 
see in accomplishing this synthesis? Devise a better synthetic route to 1-hexene from 1- 
hexanol. 


(answer) 


Problem 9.30 
Considering isomers of the formula CcHi3Br, provide names for any compounds that: 
a) can not undergo an elimination reaction to form an alkene when treated with base 


b) will yield a single alkene product as a result of E2 dehydrohalogenation 


(answer) 


Problem 9.31 


The ionization potential of acrylonitrile, Н>С-СН-С-М, is larger than that of ethylene. In 
both instances the ionization involves ejection of an electron from a z-bonding molecular 
orbital. What can we infer about the electron-donating or electron-withdrawing effect of a 
cyano group (-CN) from this information? 


(answer) 


Problem 9.32 


Many reactions of alkenes involve the transfer of electron density from the carbon-carbon 
д bond to another molecule. Which type of alkene (mono-, di-, tri-, or tetra-substituted) is 
expected to react more quickly on the basis of HOMO/LUMO interactions? Explain your 
answer. 


(answer) 


Problem 9.33 


Consider the following curved-arrow depiction of a key step in the biosynthesis of 
geranyl pyrophosphate. 


Y 
| | MEL. a carbocation 
to 170 | То 
O (0) 


Draw a structure for the carbocation produced in this reaction. Show with the curved- 
arrow formalism how this carbocation could be converted into geranyl pyropsohphate. 
(Geranyl pyrophosphate is the pyrophosphate ester of geraniol.) 


(answer) 


9.1-answer 


a) 


b) 


c) 


d) 


e) 


СН;СН, 
\ 
C—CH, 2-ethyl-1-hexene 
СН;СН,СН,СН, 
Н.С СН 
зА у 3 
бар 2,3,4-trimethyl-2-hexene 
H;C CH(CH,)CH , CH, 
СНз СН; 3,4-diethyl-3-heptene 
\ 
C—C(CH ; CH); 
СН СН, CH, CH, 
2,3-dimethylcyclohexene 
CH; 


CH, 


4-ethylcyclohexene 
CH;CH, 


9.2-answer 


a) ЕН» 
H, с=с. 3-bromo-2-methyl-1-propene 
CH, Br 
b) 


H, C=CHCH, CH, Br 4-bromo-1-butene 


c) cı H 


(R)-5-chloro-1,3-cyclohexadiene 


d) 
(СН; ), C-CHCH(Br)CH „ОН 2-bromo-4-methyl-3-penten-1-ol 


CH, Br 
or 1-(bromomethyl)cyclohexene 


D СН; СН, еН» 
с=с 2,3-dimethyl-2-pentene 


e) 


9.3-answer 


Ia ИН ЕЕ .Br 
“СЕС: Amel 
Br “Вг Br “н 
cis-1,2-dibromoethene trans -1,2-dibromoethene 


The higher dipole moment would be associated with the cis-structure (dipoles are 
additive), and thereby we would anticipate the cis-1,2-bibromoethene to have the higher 
boiling temperature. 


9.4-answer 


CH;CH,. H 
C=C СҢ; 
/ Mc 
H / N 
H H 


cis,trans -2,4-heptadiene 


H H 
\ 0и 
C—C CH; 
У ~ 4 
/ N 
H H 


cis,cis-2,4-heptadiene 


9.5-answer 


a) CH;CH,... — CH; CH(CH3)? (E)-3-ethyl-2,6-dimethyl-4-propyl-3-heptene 
(CH,),CH “CH, CH, CH, 
b) 
Н... с=с” СН; СН; 
Br Cl (Z)-1-bromo-2-chloro-1-butene 


c) 


(Z)-cyclohexene 


d) Br 
ef (Е)-1-рготосусјоћехепе 
е) 
/ „Вг 
(Z)-1-bromocycloheptene 


9.6-answer 


c) 


9.8-answer 


monosubstituted CH3CH-2CH; CH; СН, CH; CH=CH) 
propene 1-pentene 
H св н H 
disubstituted (CH3);C-CH, C=C = 
7 N 7 N 
НзС H H,C CH; 
cyclohexene methylpropene trans -2-butene 


trisubstituted (СН ,),C-CHCH, ‘C=C 
2-methyl-2-butene 


tetrasubstituted (CH 3); С=С(СН 3); C=C 
Н.С CH, CH; 


2,3-dimethyl-2-butene (E)-3,4-dimethyl-3-hexene 


9.9-answer 


L ог 


2-methyl-1-butene trans -2-pentene cis-2-pentene 


9.11-answer 


Lou o „А. снон (69: АА ou Ах. „сно 
2  —$— 


pyridine 


11-trans-retinal 
Vitamin A 


(See Reaction #10, Chapter 6) 


9.12-answer 
a) propane 
b) ]-pentene 


с) 2-trifluoromethyl-1-pentene 


9.13-answer 


1-butene trans -2-butene cis-2-butene 


The 1-butene is formed upon protonation of the 1-butanol and loss of a proton from the 
adjacent carbon along with a molecule of water from the 1-position. 


That is: 
+ 
OH H,0* 5 он, 
РР ----> 
qu ~ 


The trans-2-butene and cis-2-butene are formed from the initially generated 1-butene 
product by reprotonation (at the end) followed by loss of a proton from the 3-position. 


That is: 


9.14-answer 


If a carbocation intermediate were involved (at the terminal position of the pentyl chain) 
it would be a primary carbocation and very susceptible to rearrangement to a secondary 
(or ultimately a tertiary) carbocation. Such a rearranged carbocation (2-pentyl cation) 
would be capable of losing a proton from each of several different sites to generate 
isomeric products. The formation of only one product indicates such an intermediate is 
not involved. 


9.15-answer 
A route must be used that does not involve a carbocation or allow for rearrangement. The 


1-pentanol must be converted to 1-bromopentane (or other species with a good leaving 
group at the 1-position) followed by an E2 reaction. 


A solution is: 


OH PBr, Br 
-— 7 ИР” 


KOC(CH3)3 


So Ж 


9.16-answer 


м = 


9.17-answer 


a) 


b) 


c) 


d) 


e) 


g) 


СН; СН, CH, СН(СН;); 
С ES (Z)-2,3-dimethyl-3-heptene 
H CH; 
Н.С Н 
= 
Т (E)-2-pentene 


H; C CH; H; C H 
СС ро =C (Z)-2,3,6-trimethyl-2,6-octadiene 
нұс CH, CH; CH; 


> 3-methylcyclopropene 
CH 
c em Fm (R)-3-methyl-1-pentene 


H 
ү 
нс 2% СНз (R)-( Z)-4,5-dimethyl-2-hexene 
H3C CH(CH3)2 
H 
(СНз), ен СН; CH, CH; 


F = (E)-4-isopropyl-5-methyl-4-octene 
CH,CH,CH/ сн, 


9.18-answer 


"" | 
| | | 
т 5 ш 


X 


ж 
© 


HO 


я 
SS 

УМУ 
AL 
= & 


9.19-answer 


E E 


| 


Need not һе 

specified; two Need not be 
groups at one specified; two 
end are the same groups at one 


end are the same 


9.20-answer 


Br 


4-ethyl-1-bromohexane 


9.21-answer 


a) 


trans -2-hexene 


trans -3-hexene 


cis-2-hexene 


cis-3-hexene 


2-methyl-1-pentene 


2,3-dimethyl-1-butene 


2-ethyl-1-butene 


19912111 


2-methyl-2-hexene 


2,4-dimethyl-2-pentene 


3 


(Z)-3-methyl-2-hexene 


(Z)-3,4-dimethyl-2-pentene 


(E)-3-methyl-2-hexene 


> (E)-3,4-dimethyl-2-pentene 


iyd 


( E)-3-methyl-3-hexene 


(Z)-3-methyl-3-hexene 


3-ethyl-2-pentene 


3 


9.22-answer 


a) cis-2-butene - With the cis compound the small bond moments introduced by the 
methyl groups attached to the double bond are additive in the direction perpendicular to 
that double bond, whereas with the trans compound they cancel each other. 


b) cis- 1,2-dichloropropene - With the cis compound the components of the major 
bond moments (С-СІ bonds) perpendicular to the double bond are additive (along with 
the small component from the electron-donating methyl group attached). With the trans 
compound these same components of the major bond moments cancel each other. 


с) (Z)-2,3-dichloro-2-butene - As with the prior two examples, with the (Z)-2,3- 
dichloro-2-butene the components of the major bond moments are additive, whereas with 
the (£)-2,3-dichloro-2-butene they cancel each other. 


9.23-answer 


While the cis- 1-chloropropene has a larger dipole moment than does cis-1- 
bromopropene, there are other factors relating to the actual boiling temperature. A major 
factor is the extent of van der Waals interactions among molecules. With a significantly 
greater number of electrons in the cis- 1-bromopropene as compared to cis-1- 
chloropropene, the van der Waals interactions among a collection of the former 
molecules are greater than those among a collection of the latter molecules, resulting in a 
higher boiling temperature for the cis- 1-bromopropene. 


9.24-answer 


a) ) 
b) у 
с) 


9.25-answer 


Cl КОС(СН,); 


e mdp. 
ызды Е 


9.26-answer 
a) 


B 2-ethyl-1-butene 


b) 
LM ui 
с=с (E)-1-bromopropene 
/ \ 
В С H 
c) 


OH Z2.ethyl-3-buten-1-ol 


9.27-answer 


a) 
AZ 2-methyl-3-buten-1-ol 


(3 Z,5Z,7E)-3,5,7-dodecatrien-1-ol 


OH 


9.28-answer 


9.29-answer 


The dehydration of 1-hexanol involves strong acid to protonate the hydroxyl group. It is 
possible that under these conditions the protonated 1-hexanol could rearrange with loss of 
the water molecule to generate the 2-hexyl cation. (It probably would not lose water 
directly without rearrangement to give the 1-hexyl cation.) Once the 2-hexyl cation was 
generated it can lead directly to several alkenes (trans-2-hexene, cis-2-hexene, 1-hexene) 
and can even rearrange further to provide other carbocations leading to additional 

alkenes. 


A better approach to generate 1-hexene without any rearrangement is: 


PBr, 


Эи“ ы D „ш 


KOC(CH;)3 
НОС(СН;); 


шт и S 


That is, Reaction 1 followed by Reaction 18 (from the reaction map). 


9.30-answer 


a) 


у 1-bromo-2,2-dimethylbutane 
Br 

b) 

p^ аа 1-bromohexane 


AX 1-bromo-4-methylpentane 


1-bromo-3-methylpentane 


Cr 
AN 1-bromo-2-methylpentane 


1-bromo-3,3-dimethylbutane 


SC 1-bromo-2,3-dimethylbutane 
Br 


9.31 -answer 


The fact that the ionization potential for acrylonitrile is greater than that of ethylene 
indicates that the HOMO (highest energy occupied л molecular orbital) of acrylonitrile is 
lower in energy than that for ethylene. We know that electron-donating groups about an 
alkene linkage raise the energy of the HOMO and thereby decrease the ionization 
potential. /ncreasing the ionization potential must then be associated with electron- 
withdrawal. The cyano group is a powerful electron-withdrawing functionality, as is 
demonstrated by this experimental result. 


9.32-answer 


Increasing the energy of the HOMO makes the electrons in that orbital more available to 
be transferred to the LUMO of another molecule. Electron donating substituents increase 
the energy of the HOMO, as may be seen by the fact that they lower the ionization 
potential. The type of alkene with the highest energy HOMO (lowest ionization potential, 
most electron-donating substituents) is a tetra-substituted alkene. 


9.33-answer 


The carbocation formed is: 


+ 
M 
The conversion is: 
+ 
X 
Sau M 


О О 
Lo] 
о 


CARBON-CARBON 
DouBLv Вомрер Systems II. 
REACTIONS OF ALKENES 


10.1 INTRODUCTION 


In this chapter we will be concerned with reactions at the carbon-carbon double bond. We will 
focus on two main categories of reactions: addition reactions and oxidative cleavage reactions. 

In an addition reaction, two reactant molecules combine to give a single product molecule. 
For alkenes, there are many addition reactions of the general type shown in Figure 10.1. In the 
first step of the reaction of Y-Z with the alkene, it is the alkene that supplies the electrons for 
the new bond formation to Y or Z. Conversely, the molecule Y—Z seeks electron-rich reagents. 
We call the molecule Y-Z an electrophile and this reaction type an electrophilic addition. 

These addition reactions involve breaking the weaker л bond of the double bond and form- 
ing two new o bonds, one to Y and one to Z. Many addition reactions are of great synthetic 
importance—the products are either of direct utility, or they are converted by subsequent reac- 
tions into useful materials. 

Oxidative cleavage reactions involve breaking both the т and с bonds of the carbon-carbon 
double bond. Carbon-oxygen double bonds are formed in their place, as shown in Figure 10.2. 

Further oxidation of these products may occur, depending on the conditions used and on the 
nature of the reagents used to accomplish the cleavage. 

We will now explore the scope of these two types of reactions and relate them to topics and 
principles covered in earlier chapters. 


10.2 ADDITION REACTIONS: STEREOCHEMICAL 
ASPECTS 


Consider the addition of two groups Y and Z to a carbon-carbon double bond. First, we will 
look at an important stereochemical question: do Y and Z add to the same face of the double 
bond, or to opposite faces of the double bond, or do we find a mixture of the two types of 
products? 
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FIGURE 10.1 An addition reaction at the carbon-carbon double bond. Y and Z represent 
two atoms or groups that add across the carbon-carbon double bond. It is 
possible for Y and Z to be identical. 


a 2 а с 
C=C --------:-:-:----5- С=0 + O=C 
7 N oxidative cleavage N 
b d b' d' 


with work-up 


FiGuRE 10.2 Oxidative cleavage reactions of carbon-carbon double bonds. Both the 
п bond and the о bond of the double bond are broken. The products contain 
the carbon-oxygen double bond. The substituents a, b, c, and d may be 
modified (to а', b', с, and а") in the course of the reaction and workup. 


syn addition anti addition 


FIGURE 10.3 Stereochemistry of addition to carbon-carbon double bonds. In syn addition, 
both groups add to the same face of the double bond. In anti addition, the 
groups add to opposite faces of the double bond. 


Two new stereochemical terms will prove helpful in our discussion: syn addition is the 
addition of two groups to the same face of the double bond, and anti addition is the addition of 
the two groups to opposite faces of the double bond. The two modes of addition are illustrated 
in Figure 10.3. 

To investigate the stereochemistry of addition reactions we must use an alkene that gives 
different products depending on the mode of addition. It is important to realize that many simple 
alkenes give the same product regardless of whether syn or anti addition occurs. Consider, for 
example, the reaction shown in Equation 10.1. In this instance the different modes of addition 
result simply in different conformations of the same product being formed initially. While syn 
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addition leads initially to an eclipsed conformation, anti addition leads initially to a staggered 
conformation of the product. These conformations can then readily interconvert by rotation about 
single bonds. While we can see clearly that bromine atoms have added to each end of the double 
bond, we can tell nothing about the stereochemistry of the reaction. 


CCl4 
СН,ВгСН — CH + Вг, — CH,BrCHBrCH,Br 
3-bromopropene 1,2,3-tribromopropane 
98% yield (Eq. 10.1) 


However, disubstituted alkenes are useful for deducing the stereochemistry of addition reac- 
tions. Cyclic alkenes are particularly useful for this purpose. Consider the same type of addition 
reaction as shown in Equation 10.1 with cyclohexene as the alkene. If the two bromine atoms 
add in anti manner, the product is trans-1,2-dibromocyclohexane. (Refer to Chapter 4 for an 
introductory discussion of cis/trans isomerism in cyclic compounds.) If the two bromine atoms 
add in a syn manner, the product is cis-1,2-dibromocyclohexane. These two possibilities are 
shown in Figure 10.4. Only trans-1,2-dibromocyclohexane is actually formed in this reaction, 
so we infer that the two bromine atoms add in an anti manner. Similar results with other alkenes 
lead to the general conclusion that two bromine atoms add to double bonds in an anti manner. 

Our ability to determine the stereochemistry of the addition of bromine to cyclohexene 
depends on the existence of two distinct isomers of 1,2-dibromocyclohexane, each having 
unique properties. For example, the cis isomer has a melting temperature of 10°C, whereas 


(not formed) 


Br Br 


cis-1,2-dibromocyclohexane 


(во (actually formed) 


Br H 


+ Вг; 


anti 


trans-1,2-dibromocyclohexane 
(racemic) 


Figure 10.4 Possible routes of bromine addition to cyclohexene. The syn addition would 
produce cis-1,2-dibromocyclohexane, whereas anti addition would produce 
trans-1,2-dibromocyclohexane. Experimentally, we find that only the trans 
isomer is actually formed. 
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the trans isomer has a melting temperature of —4°C. (Notice also that the trans compound is 
resolvable into (+) and (—) rotating enantiomers, while the cis compound is not—it’s meso.) 

Some open-chain alkenes can give different products from syn addition as compared to anti 
addition. With such alkenes both olefinic carbon atoms of the alkene are prochiral. A prochiral 
carbon atom of an alkene is one that is not in itself stereogenic (it has a trigonal planar array of 
its substituents), but can become stereogenic upon a single reaction. The concept of prochirality 
with such a trisubstituted (sp?) carbon atom of an alkene is illustrated in Figure 10.5. 

In this context consider now the products that would be obtained by bromine addition to cis- 
2-butene and trans-2-butene. We can quickly deduce that the product is 2,3-dibromobutane. 
However, since there are two stereogenic centers in 2,3-dibromobutane, there are potentially 
four (2?) stereoisomers. In fact, only three stereoisomers of 2,3-dibromobutane actually exist. 
One of these stereoisomers is a meso structure, diastereoisomeric with regard to the other two 
structures, which constitute a pair of enantiomers. 

We need to know which of these stereoisomers will actually be formed in the bromination 
of each of the 2-butenes. Will there be just the meso product, just the pair of enantiomers, or a 
mixture of all three stereoisomers? Do the two alkenes give the same product(s) or different 
ones? We can use stereochemical drawings to predict the outcome of syn or anti addition in 
order to answer our question. 

Figure 10.6 shows the result we would observe with syn addition of bromine to cis-2-butene. 
In order to be complete, we show two possible ways in which this addition could occur. Bromine 
could add from the top face or the bottom face. These two modes of syn addition would be equally 
likely. We predict that syn addition would result in the formation of meso-2,3-dibromobutane. 
Experimentally, however, we do not find that meso-2,3-dibromobutane is formed in this reaction. 
We therefore infer that bromine does not add in a syn manner to the alkene. 

Consider now the anti addition of bromine to cis-2-butene, as shown in Figure 10.7. Two direc- 
tions of addition are possible. One leads to (2R,3R)- and the other to (25,35)-2,3-dibromobutane. 

We see that syn and anti addition of bromine to cis-2-butene would lead to different products. 
Experimentally, we observe only the products of anti addition as shown in Figure 10.7. Just as in 
the reaction of bromine with cyclohexene, we infer that the bromine adds to the double bonds of 
cis- and trans-2-butene with anti stereochemistry. Bromine adds to alkenes in an anti manner. 

In the next sections we will consider in more detail the additions of bromine, hydrogen, and 
other reagents to the olefinic linkage. We will find that in some instances addition occurs exclusively 
with syn stereochemistry, in others addition will be exclusively anti, and for some there will be no 
preference. Throughout our discussion we will be using the stereochemical principles described 
here. It is extremely important that you practice using stereochemical drawings of the type shown 
in Figure 10.6 and Figure 10.7 to predict the possible products of syn and anti addition. 

Many reactions occur exclusively or predominantly with syn or anti addition. Three important 
terms in this context are: 


stereoselective reaction—a reaction that yields predominantly one stereoisomer (or an 
enantiomeric pair) of several possible diastereoisomers 


stereospecific reaction—a reaction that yields only one stereoisomer (or an enantiomeric 
pair) from a particular stereoisomer of starting material, while the opposite stereoisomer 
of starting material yields the opposite stereoisomer (or enantiomeric pair) of product 
nonstereospecific reaction—a reaction in which all of the possible stereoisomeric prod- 
ucts are formed 


The addition of bromine to an alkene is an example of a stereospecific reaction. 
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Prochirality: the fundamental concept 


stereogenic centers 


B B ll. B Ци 
МУ ме 
С С 


% Е 

СА - > + 

/ их / ~ 
MS D A D E 


The site indicated is prochiral. The carbon atom is trigonal with three 
unlike groups atatched. If it becomes tetracoordinated by the addition of 
any group other than A, B, or D, it becomes a stereogenic center. 
Addition at the top face (toward the viewer) generates one enantiomer 
while addition to the bottom face generates the other enantiomer. 


Examples of alkenes with prochiral carbon sites: 


RCH —CHR' RR'C=CH, 
Both olefinic carbon atoms are Only one of the olefinic carbon 
prochiral. This type of alkene may atoms is prochiral. This type of alkene 
give different products following gives the same product (racemic) 
syn and anti addition. following syn or anti addition. 


Examples of addition reactions to alkenes with two prochiral carbon atoms: 


НЗС H 
/ X—Y 
ХА. AN | | 
че [* CN 
Both carbons are prochiral Both carbons are stereogenic centers 
ч. || н ull * H 
X 
X—Y 
------- 


Figure 10.5 Prochirality in alkenes. The fundamental requirement for a trigonal carbon to 
be prochiral is shown at the top. Shown directly beneath it are two alkenes. The 
alkene on the left is disubstituted, and both olefinic carbon atoms are prochiral. 
This alkene gives different products following syn or anti addition, as is shown 
directly below. The alkene on the right has only one prochiral carbon and does 
not give different products following syn or anti addition. In trans-2-butene and 
cyclohexene (at the bottom), both olefinic carbon atoms are prochiral, and as 
noted in the text, yield different products when reacting by syn or anti addition. 
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bromine adds 
Br—Br syn to top 
face 


„С 
Н“ “оң, 0839) 


meso-2,3-dibromobutane 


КА КУ 


(ON C C p 
HC" “ен, 


cis-2-butene 
iti bromine adds 
syn to bottom 
Br — Br face "c^ 


(2S, 3R) 
meso-2,3-dibromobutane 


Figure 10.6 The (hypothetical) syn addition of bromine to cis-2-butene. The predicted 
product is meso-2,3-dibromobutane regardless of whether the two bromines 
add to the top or bottom face of the alkene. In fact, we do not observe 
meso-2,3-dibromobutane as a product of the reaction of bromine with cis-2- 
butene, and thus we conclude that the mode of addition is not syn. 


10.3 ADDITION OF HYDROGEN 


INTRODUCTION 


The addition of two hydrogen atoms across a carbon-carbon double bond (Figure 10.1, Y = Z = H) 
is referred to as hydrogenation of the double bond. This reaction is also a reduction, since the num- 
ber of carbon-hydrogen bonds to each of the olefinic carbons is increased. 

In addition to being important for synthetic purposes, the hydrogenation reaction provides 
valuable insights into stereochemistry, and it can be used to probe the relative stabilities of dif- 
ferent alkenes. Hydrogenation involves treating an alkene with molecular hydrogen (Н») in the 
presence of a catalyst. A catalyst provides a route between reactants and products that has a 
lower energy of activation than is otherwise available. Catalysts do not change the position of 
equilibrium, but simply allow the reaction system to reach equilibrium more rapidly. Catalysts 
for the hydrogenation of alkenes are grouped into two categories, heterogeneous catalysts and 
homogeneous catalysts. 
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anti addition with H, CH; 
bromine adding to the с7 

top at Ше 2-carbon Т” | 

and the bottom Br 


at the 3-carbon н” “сн з QR3R) 


(2R,3R)-2,3-dibromobutane 


H 2 зн 
г... C — C EN 
нс“ “ен, 
1 4 


cis-2-butene 


е А Вг 
anti addition with | 
bromine adding to the top не“; С 
at Ше 3-carbon and Ше ^ cH, 
bottom at the 2-carbon H,, 
| (25,35) 


(28,35)-2,3-dibromobutane 


Figure 10.7 The anti addition of bromine to cis-2-butene. The predicted products are the 
pair of enantiomers shown, which are also the experimentally observed 
products in this reaction. 


HYDROGENATION WITH HETEROGENEOUS CATALYSTS 
Stereochemistry and Mechanism 


Heterogeneous catalysts are insoluble in the reaction medium. They are usually composed of 
finely divided metals with large surface areas that provide sites for the reaction to occur. Both 
alkene and hydrogen molecules interact with the metal surface, and as a result both the alkene л 
bond and the bond of the hydrogen molecule are partially broken. 

The catalysts facilitate the bond breaking necessary if new bond formation is to occur. Both 
reactants are activated for the formation of the new carbon-hydrogen bonds. These activated 
species are able to combine to generate the product. 

The equilibrium position for hydrogen addition across an alkene л bond lies far to the side 
of the product alkane. The catalyst facilitates reaching this equilibrium position. In simple addi- 
tions to alkenes the two hydrogens are usually added to the same face of the alkene (there are 
some exceptions). 

A schematic representation of the reaction is shown in Figure 10.8. The syn nature of the 
addition is a predictable consequence of adding the two hydrogens from the catalyst surface to 
the activated alkene. 
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Figure 10.8 Schematic representation of hydrogenation with heterogeneous catalysis. 
Both the alkene and the hydrogen add to the catalyst surface. The x bond of 
the alkene and the hydrogen-hydrogen bond of the hydrogen molecule are 
broken. Sequential addition of hydrogen to the carbons occurs while the 
species are bound to the surface. With simple alkenes the observed products 
of hydrogenation reactions are consistent with the syn addition of two 
hydrogen atoms. 


Practical Details 


Several metals are commonly used as hydrogenation catalysts. Platinum, palladium, rhodium, 
and ruthenium are the most common choices. With palladium and ruthenium, the active cata- 
lyst is normally prepared by dispersing the metal on the surface of finely divided charcoal. 
Platinum is commonly used in the form of its oxide, PtO2, sometimes called Adam's catalyst. 
Platinum oxide is a brown powder that undergoes a rapid reduction in the presence of hydrogen 
gas to form finely divided platinum metal. This material, which is black in color, is the actual 
hydrogenation catalyst. 

Consider now how the hydrogenation reaction is performed. We dissolve the alkene in a 
suitable solvent (often ethanol) in the presence of the catalyst. The reaction vessel is attached 
to a reservoir of hydrogen gas and the reaction mixture is stirred vigorously or shaken. It is 
important to agitate the heterogeneous reaction mixture to allow all reagents to come into con- 
tact with each other. As the reaction proceeds, hydrogen gas is absorbed. A gas manometer 
allows us to measure how much hydrogen gas has reacted with the alkene. From the tempera- 
ture and the pressure of the system and the change in the volume of the gas in the manometer, 
we can calculate the number of moles of hydrogen consumed. 

For many hydrogenations a hydrogen pressure of one atmosphere is adequate for facile 
reaction. Higher pressures (and special apparatus) are sometimes required. 
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A practical advantage of heterogeneous catalysis is the ease of isolation of the product. Once 
the reaction is complete, we can simply remove the catalyst by filtration and then evaporate the 
solvent to isolate the product. 

There are several disadvantages as well to the heterogeneous catalysis system. The reaction 
is relatively slow, a common problem with heterogeneous reactions in general. Further, many 
catalysis are easily poisoned, that is, the catalytic activity of the metal is destroyed by trace con- 
taminants, commonly sulfur or sulfur-containing compounds. Metal sulfides are readily formed 
and do not support hydrogenation. Ordinary rubber stoppers contain sufficient amounts of sul- 
fur to poison most heterogeneous catalysts. Another difficulty is that the rate of reduction 
depends on the degree of substitution about the double bond. Trisubstituted alkenes generally 
require elevated temperatures and pressures higher than several atmospheres for reduction to be 
accomplished. It is extremely difficult to reduce tetrasubstituted alkenes. Reactions other than 
simple addition, such as cleavage of certain types of bonds may also occur. 

Finely divided nickel (Raney nickel) can also be used for hydrogenations. This catalyst is 
prepared by treating a nickel-aluminum alloy with aqueous base that dissolves the aluminum 
and leaves behind the finely divided nickel. After repeated washings with alcohol, the nickel is 
in a finely divided state with hydrogen adsorbed on its surface. Higher temperatures and pres- 
sures are usually required for Raney nickel reductions, and numerous side reactions can occur. 
Nevertheless, nickel has the distinct advantage for industrial use of being much less expensive 
than the other heterogeneous catalysts. 


HOMOGENEOUS CATALYSTS FOR HYDROGENATION 


In the 1970s catalysts began to be developed for hydrogenation under homogeneous 
conditions. These catalysts, which are complexes of transition metals, are soluble in the 
reaction medium. They have a number of appealing characteristics, including an increased 
rate of reaction, a decrease in the possibility of poisoning, and fewer side reactions. 
Furthermore, the reduction of carbon-carbon double bonds in the presence of a variety of 
other functional groups is possible. 

The most common homogeneous catalysts are complexes of rhodium(I) or ruthenium(II). 
The most widely used catalyst, [(СеН5)зРЈзКҺСІ (the group C&Hs- is the phenyl group, at times 
abbreviated as Ph- or $-), is known as the Wilkinson catalyst for its inventor, Professor Geoffrey 
Wilkinson. This catalyst has no effect on several groups that are reduced when other heteroge- 
neous hydrogenation catalysts are used. Among the groups unaffected by the Wilkinson 
catalyst are the nitro group (-МО;), the cyano group (-CN), and the aldehyde function (-CHO). 
The Wilkinson catalyst can be used to reduce 
carbon-carbon double bonds in the presence of 
these groups without having undesirable side 
reactions occur. 

An important ruthenium(II) homogeneous 


Chemical Biography 


GEOFFREY WILKINSON 


catalyst is [(СоН5)зР] Ва СН. This catalyst b. 1921 

brings about the selective reduction of carbon- d. 1996 

carbon bonds at the end of a chain (terminal Ph.D. Imperial College 
double bonds). Internal carbon-carbon double (Briscoe) 1942 

bonds are unaffected by this catalyst. An example Nobel Prize (Chemistry) 1973 


is shown in Equation 10.2. 
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Б 
[(C;H3)5 Р]; RuCIH 
—_—— > 
Hj 
3-(3-propenyl)-1-cyclohexene 3-propyl-1-cyclohexene 


84% yield (Eq. 10.2) 


The internal olefinic linkage is left untouched while the terminal olefinic linkage is reduced. 


THERMOCHEMISTRY OF HYDROGENATION REACTIONS 


Chemical reactions are generally accompanied by energy changes. The heat evolved in a chem- 
ical reaction (an exothermic reaction) or absorbed (an endothermic reaction) is generally 
expressed in terms of AH. The AH for a reaction is the difference in enthalpy between reactants 
and products. (If necessary, you should review the introductory discussion of thermodynamic 
functions in Chapter 7.) We can measure the change in enthalpy for a reaction by performing 
that reaction in a calorimeter. The heat evolved (or absorbed) is transferred to (from) a sur- 
rounding reservoir of water, and the change in temperature of the water is used to compute the 
amount of heat evolved (or taken up) by the reaction. 

In general terms, AH reflects the relative strengths of the bonds broken and formed in the 
course of a reaction. Consider a simple reaction in which one weak bond is broken and one 
strong bond is formed. The energy difference between the strengths of the weak bond broken 
and the strong bond formed determines the extent to which the reaction is exothermic. 

In the hydrogenation of alkenes, several bonds are broken and formed. Specifically, the л bond 
of the alkene is broken along with the hydrogen-hydrogen bond of the hydrogen molecule, and two 
carbon-hydrogen o bonds are formed. The combined strengths of the x bond of the alkene and the 
hydrogen-hydrogen bond are less than that of the two carbon-hydrogen bonds formed. Thus, the 
overall reaction is exothermic. The heat evolved when hydrogen reacts with an alkene is known as 
the heat of hydrogenation. 

We can calculate the energy of the alkene л bond knowing the heat of hydrogenation of Ше 
alkene and the strengths of the other bonds broken and formed. Consider the hydrogenation of 
1-решепе as shown in Equation 10.3. The reaction is exothermic to the extent of approximately 
30 kcal/mole. 


catalyst 
CH3CH;CH;CH = СН, + H, м— CH3CH,CH,CH,CH3 


1-pentene pentane 
AH® =-30 kcal/mole (Eq. 10.3) 


The bond energy of the hydrogen molecule is 104 kcal/mole and the energy of each of the 
carbon-hydrogen bonds formed is 90 kcal/mole. Given these energies and the measured heat of 
hydrogenation, we can calculate the energy of the л bond to be approximately 64 kcal/mole. The 
energetics of reactants, products, and intermediate species are shown in Figure 10.9. 
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Heats of hydrogenation are particularly useful for comparing the strengths of л bonds in 
isomeric alkenes of the same fundamental skeleton. For isomeric alkenes, differences in heats 
of hydrogenation can be attributed to differences in the strengths of the alkene л bonds and 
strain in the structure. 

Consider an example. Upon hydrogenation, cis-2-butene liberates a greater amount of 
energy than does trans-2-butene. Since both reactants give the same product (butane), we infer 
that cis-2-butene is of higher energy than is trans-2-butene. Being of higher energy, cis-2-butene 
is less stable than is trans-2-butene, as is illustrated in Figure 10.10. 

The difference in energy between the 2-butenes is attributed to steric repulsion that occurs 
with cis-2-butene but not with trans-2-butene. The two methyl groups in cis-2-butene are closer 
to each other than they are in trans-2-butene, resulting in a van der Waals repulsion (see 
Chapter 4). 

You should recall that if two groups approach within a distance smaller than the sum of 
their individual van der Waals radii, there is a destabilizing interaction between them. In cis- 
2-butene the distance between the methyl groups is approximately 3.0 Angstrom, as shown in 
Figure 10.11. This distance is significantly less than the sum of the van der Waals radii for the 
two methyl groups (~4.0 Angstrom). We associate a repulsion of ~1.0 kcal/mole with this 


Energy 
CH,CH,CH,CH— CH, + 2H: 

64 kcal/mole to 

break C=C п bond 

and 104 kcal/mole 

to break H—H bond 2 x 99 kcal/mole 
for formation of 
C—H bonds 


168 kcal/mole 


198 kcal/mole 


AH= 
CH3CH;CH;CH = CH) + Н; —30 kcal/mole 


CH4CH;CH;CH;CH; 


Figure 10.9 Heat of hydrogenation of 1-pentene. The overall reaction is exothermic to the 
extent of approximately 30 kcal/mole, which reflects the difference in the strength 
of the bonds that are broken and the bonds that are formed in the reaction. This 
difference is illustrated graphically here. 
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НЗС СН; Н 1 P CH; 
C=C +H C=C 
4 ? ами SEM 
Energy H H н.с H 


| 1.0 kcal/mole 


28.6 kcal/mole 27.6 kcal/mole 


CH4CH;CH;CH; 


Figure 10.10 Heat of hydrogenation of cis-2-butene and trans-2-butene. The heat of 
hydrogenation of cis-2-butene is more exothermic than that of trans- 
2-butene by 1.0 kcal/mole. Since both reactions give the same product, the 
difference must be attributed to the energy difference in the starting 
materials. We infer that cis-2-butene is 1.0 kcal/mole higher in energy than 
trans-2-butene. An equivalent conclusion is that cis-2-butene is 1.0 kcal /mole 
less stable than trans-2-butene. 
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«>» 


2: s repulsive interaction 
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FIGURE 10.11 van der Waals repulsion іп cis-2-butene. The two methyl groups are closer 
together than the sum of their van der Waals radii (4 Angstroms). The result 
is a destabilization. We infer this destabilization to be ~1.0 kcal/mole on the 
basis of the heats of hydrogenation of cis-2-butene and trans-2-butene. 
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Molecular Orbital Analysis 


Alkene Stabilization 


We observe experimentally, using relative values of heats of hydrogenation, that terminal alkenes are 
less stable than are the isomeric internal alkenes. We can gain an understanding of this observation 
through a consideration of the molecular orbitals involved with the respective alkenes. 


п“ (antibonding) 
relationship 


C—H o molecular orbital 


1-butene trans-2-butene 
H H H н 
\ / \ 4 
C=C H—C H 
и H CH P. ri 
—. 3 —— 
H^ | "ДЕ 
u^ \ 
| P di H 
two interactions six interactions 


Figure 10.12 Stabilization of an alkene. The interaction of a filled carbon-hydrogen 
о orbital and an empty л“ orbital of the alkene linkage provides 
stabilization of the alkene by delocalization of the negative charge of 
electrons from the с bonding molecular orbital. Spreading out a 
charge over a larger region of space stabilizes that charge. The greater 
number of such interactions that can occur with a particular alkene, 
the greater the amount of stabilization that will occur. The terminal 
alkene 1-butene has only two such interactions available, whereas 
there are six such interactions for trans-2-butene. 
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Consider two simple molecules form which extrapolation can be made to more highly 
substituted and complex systems. We have noted that for the two isomeric molecules (1-butene 
and trans-2-butene) on the basis of their observed heats of hydrogenation (30.0 kcal/mole for 
1-butene and 27.6 kcal/mole for trans-2-butene) stability can be correlated with degree of alkyl 
substitution about the olefinic linkage. This correlation extends to other corresponding isomeric 
sets of alkenes. We can consider the relative stabilization of the isomers by looking at the inter- 
actions among their molecular orbitals, much in the same manner as we did with carbocation 
stabilization. 

Bonding molecular orbitals (filled) associated with С-Н bonds at carbon directly attached to 
the olefinic linkage are in position to interact with the (empty) л* (antibonding) molecular orbital of 
the olefinic linkage, as shown in Figure 10.12, allowing thier electrons to occupy a larger region of 
space. The extent of such charge delocalization (the charged electrons being allowed to occupy a 
larger region of space) is greater with a greater number of C-H o (bonding) molecular orbitals being 
present and able to interact with the л* molecular orbital. The number of such interactions possible 
relates directly to the number of available С-Н bonds at allylic positions, and thereby to the number 
of alkyl groups attached directly to the olefinic linkage. 

Other substituents as well, that can delocalize electrons to the m* orbital of the alkene, 
will similarly stabilize the system. We will see these substituents in later sections of our 
considerations. 


interaction, based on the heats of hydrogenation for the 2-butenes. In general, we find that most 
trans alkenes are more stable than the isomeric cis-alkenes owing to what appears to be 
destabilizing steric repulsions in the latter isomers. 

Heats of hydrogenation data lead us to an understanding of the relative stabilities of 
alkenes. Steric repulsion is but one of the factors determining the relative stability of isomeric 
alkenes. Another is the degree of substitution of alkyl groups (or other substituents) about the 
olefinic linkages. We can understand some of these effects by looking at the molecular orbitals 
involved. 

One effect that reverses the normal order of cis/trans stabilities occurs when the double bond 
is in a small ring (less than ten carbon atoms). For these types of compounds the cis isomer is 
more stable than is the trans. In fact, for rings of fewer than eight carbon atoms, the trans 
isomers are so unstable that they can not be isolated (see Figure 10.13). 


cis-cycloheptene trans-cycloheptene 
(not isolable) 


Figure 10.13 Possible isomers of cycloheptene. Only the cis isomer is isolable. The trans 
isomer is too unstable to be isolated, but has been inferred as a reaction 
intermediate. Because only the cis isomer is isolable, we usually drop the 
"cis" label and simply name the compound "cycloheptene." 
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Special Topic 


trans-cycloóctene 


LO] 


The smallest trans-cycloalkene that has been isolated is trans-cycloóctene. This compound was first 
isolated in the 1950s. The presence of a trans carbon-carbon double bond in rings smaller than eight 
members is a source of such great strain (try making a model) that it is impossible to isolate com- 
pounds containing them. However, trans carbon-carbon double bonds in smaller rings are implicated 
as intermediates in some reactions. Even in trans-cycloéctene, the carbon-carbon double bond is 
twisted, with a torsional angle of 136?. The twisted nature of trans-cycloóctene renders it disym- 
metric, and it has been resolved into its enantiomers. The isolated enantiomers, with a molecular 
asymmetry rather than a stereogenic carbon site, have very high specific rotations (|01290 = +411°). 
Although larger trans cycloalkenes also exist in enantiomeric forms, they racemize rapidly on heat- 
ing because they undergo a conformational twist that converts one enantiomer into its mirror image. 
This twisting requires the passage of one of the bound olefinic hydrogen atoms through the interior 
of the ring. The larger the ring, the more easily this twisting occurs. Optically pure trans-cycloóctene 
does not racemize, even when heated above 60?C for many days, while trans-cyclononene retains 
optical purity only at temperatures below 0°С. 


Hydrogenation of Oils 


We often find the term "partially hydrogenated vegetable oils" on contents labels of processed foods. 
This term refers to the addition of hydrogen across olefinic linkages in lipid compounds (oils) 
isolated from the vegetable sources. 

Oils from vegetables (or animal sources) are esters of carboxylic acids bearing long hydrocarbon 
chains. Illustrated below is an ester of linoleic acid, a common vegetable oil that contains two cis 
alkene linkages. 


O 


RO ~ 


Oils from vegetable sources аге commonly polyunsaturated, that is they contain several olefinic 
linkages in most of the carboxylic acid chains. These types of oils have dietary characteristics that 
are quite desirable in the proper amount and are not available from other sources. Unfortunately, the 
polyunsaturated oils exist as liquids, a form that is less convenient than solids. Reduction of some of 
the olefinic linkages causes these oils to take on physical characteristics more amenable to packag- 
ing and use. They become plastic, deformable solids, for example, like margerine. 

If all of the olefinic linkages are reduced to saturate the carboxylic acid chain completely, the 
materials become solids at ordinary temperatures and their dietary properties are much less desirable 
than those of unsaturated oils. Partial hydrogenation of the vegetable oils is performed, generally 
using nickel catalysts, to give desirable physical characteristics to the oils without converting them 
into nutritionally less desirable completely saturated fats. 
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There are difficulties is the process of partial hydrogenation, however. When the polyunsaturated 
oil interacts with the catalyst and the x bond is activated, isomerization to the thermodynamically 
more favored trans alkene form can occur. These trans olefinic linkages give a different shape to the 
molecule and can cause phsyical and nutritional difficulties. 


A different type of strain comes into play with these ring compounds. Because of the 
constraints of the ring, the p orbitals making up the x bond in the trans alkene are twisted away 
from the parallel and can not overlap efficiently. This type of strain can be appreciated by 
attempting to make a model of trans-cycloóctene. 


10.4 ADDITION OF HALOGENS 


EXPERIMENTAL OBSERVATIONS 


Fluorine, chlorine, and bromine all add readily to carbon-carbon double bonds. However, fluo- 
rine is so highly reactive that the reaction is of little practical value. Iodine is the least reactive 
of the halogens in this type of process. 

We will use the reaction involving bromine as our example. The reaction is visually revealing 
and can be used as a test for the presence of the carbon-carbon multiple bond. (Carbon-carbon 
triple bonds are also reactive.) Normally we use a solution of bromine in carbon tetrachloride to 
test for a carbon-carbon double bond. The red solution is added to the sample to be tested. If the 
sample contains a carbon-carbon double bond, the red color disappears completely as the bromine 
is consumed. The addition product, a dibromoalkane, is colorless. 

In an earlier section we contrasted the stereochemistry associated with bromine and with 
hydrogen addition to a carbon-carbon double bond. Bromine adds in an anti manner, whereas 
hydrogen adds mainly in a syn manner. The stereoselectivity of a reaction depends on its mech- 
anism. We proposed that hydrogenation using a heterogeneous catalyst occurs through a transfer 
of two hydrogen atoms from the surface of the catalyst to the same face of the alkene. This 
mechanism is consistent with the observed preference for syn addition. 

What kind of mechanism can we invoke to account for the observed anti mode of addition? 
To develop a reasonable mechanistic description for any reaction, we need to gather and organ- 
ize various types of experimental observations. We can obtain relevant experimental data 
by performing the reaction in a solvent other than carbon tetrachloride. If we use bromine in 
aqueous solution we find that additional products form. Consider the reaction of bromine with 
trans-2-butene in both carbon tetrachloride and aqueous solution. The products formed are 
shown in Figure 10.14. 

Two of the products formed in the reaction of bromine with trans-2-butene in aqueous solu- 
tion (10.2 and 10.3) are known as bromohydrins. Bromohydrins have hydroxyl and bromine 
substituents on adjacent carbon atoms. The formation of these two bromohydrins in this reac- 
tion correlates with the anti addition of -Br and -ОН to the alkene. Obviously the -OH group 
comes from the water. But just how does this addition occur? 

Another revealing observation is that if we add some sodium chloride to the reaction mixture, 
we obtain two other additional products, a racemic mixture of (2R,3S)-2-bromo-3-chlorobutane 
and (2S,3R)-2-bromo-3-chlorobutane, as shown in Figure 10.15. 
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Br), CCl, 
НА, CHS 
bead 
НС “н 10.1 


trans-2-butene 


(2R,3S)-2,3-dibromobutane 


meso-2,3-dibromobutane 
10.1 ne 


(2S,3R)-2,3-dibromobutane 
10.3 


Figure 10.14 Reaction of trans-2-butene with bromine. When the reaction is performed 
in carbon tetrachloride solution, only one product is formed, meso-2,3- 
dibromobutane (10.1). When the reaction is performed in aqueous solution, 
meso-2,3-dibromobutane is again formed along with two additional 
products. These products аге (2R,3S)3-bromo-2-butanol (10.2) and (25,3А)-3- 
bromo-2-butanol (10.3), and they constitute a racemic mixture. 


(2S,3R)-2-bromo-3-chlorobutane (2R,3S)-2-bromo-3-chlorobutane 
10.4 10.5 


Ғісиве 10.15 Products formed upon reaction of bromine with trans-2-butene in aqueous 
solution containing sodium chloride. A racemic mixture of (2S, 3R)-2-bromo- 
3-chlorobutane (10.4) and (2R,3S)-2-bromo-3-chlorobutane (10.5) is formed 
in the reaction along with the three products shown in Figure 10.14 (10.1, 
10.2, and 10.3). 


Let’s take stock of the experimental observations we have made so far. First, we recognize 
that when bromine and an alkene are mixed, anti addition of the two groups always occurs. 
However, the two added groups vary depending on the reaction conditions. At least one bromine 
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atom is always added, but the other group varies. With carbon tetrachloride as the solvent, two 
bromine atoms are added. If water is used as the solvent, a hydroxyl group is added along with 
the bromine atom. If another anion, such as chloride ion, is present in the aqueous solution, 
it adds to the alkene along with a bromine atom. 


MECHANISM FOR BROMINATION OF ALKENES 


We can deduce a mechanism for the bromination of alkenes that is fully compatible with the 
experimental results just described. We consider the reaction as occurring in two steps. 


Mechanism of Reaction 


Step 1 The л electrons of the alkene perform a nucleophilic attack on molecular bromine. А bro- 
mide ion departs as a leaving group. We say that the bromine molecule is acting as an 
electrophile, that is, a lover of electrons, as described at the beginning of this chapter. 


The intermediate species generated in this reaction is known as a bromonium ion. We 
write it with two bonds to a positively charged bromine. This structure might seem 
strange—normally we do not think of bromine with either two bonds or a positive charge. 
We need to consider the valence bond description of this intermediate. 


We can think of the bromonium ion structure using resonance-contributing forms of 
classical valence bond structures. These resonance forms are shown below. The blending 
of these forms indicates that there is a partial bond between each carbon and the bromine 
and that the positive charge is delocalized over three atoms. 
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Step 2 The bromonium ion is attacked by a nucleophile to give the observed product. When the 
reaction is performed in carbon tetrachloride solution, the only nucleophile present is the 
bromide ion produced in Step 1. (Actually, it’s most likely a complex of bromide ion with 
one or more bromine molecules—Br3 or Brs as simple bromide anion would not Бе 
well solvated and stabilized in carbon tetrachloride solution.) However, in aqueous solu- 
tion, water can also serve as the nucleophile, as we will discuss in detail later. Chloride 
ion can also serve as a nucleophile when it is present. We infer from the observed anti 
stereochemistry of the reaction that the incoming nucleophile must attack the bromonium 
ion from the face opposite that already bonded to the first bromine atom. This nucle- 
ophilic attack can occur at either carbon atom. 


Вг 


Вг 


We need to consider the attack of the nucleophile on ће bromonium ion and ће 
accompanying stereochemistry of the process. In valence bond terms, bromide ion adds to 
an electron-deficient carbon, a carbocation, albeit an unusual carbocation. Two of the con- 
tributing resonance forms for the bromonium ion contain carbocation sites. The bromide 
ion is equally likely to combine with either of these two sites. The anti stereochemistry can 
be rationalized by assuming that approach at one face of the electron-deficient carbon is 
blocked by the bromine already there. We infer that the incoming bromide ion prefers to 
approach from the opposite face, as is emphasized below. 


284 ORGANIC CHEMISTRY 


Br. 


Molecular Orbital Analysis 


Bromination of Alkenes 


It is possible to consider the formation of a bromonium ion in terms of the frontier molecular orbital 
model. We consider the interaction of the alkene HOMO and the bromine LUMO. The alkene 
HOMO is the filled t-bonding molecular orbital. The LUMO for the bromine molecule is its 6% 
(antibonding) molecular orbital. They interact as shown in Figure 10.16 to generate the bromonium 
ion and a bromide anion. 

For the second stage of the reaction, we must focus on the interaction of the HOMO of the 
attacking bromide ion and the LUMO of the bromonium ion, as is illustrated in Figure 10.17. We see 
that the bromide ion attacks the bromonium ion from the side opposite to that associated already with 
a bromine atom because the larger lobes of the LUMO protrude to the back side. (Finding stere- 
ospecificity in a reaction, the most satisfying rationalization is usually found in an analysis of the 
orbital interactions associated with that reaction.) 

One might ask why bromine adds to alkenes in this manner and not simply by a syn approach to 
the alkene. Why doesn’t the bromine molecule simply “sit down" on the alkene л bond and add to 
both carbon sites simultaneously? (Wouldn’t it seem to be much simpler?) In fact, bromine is 
incapable of acting in this manner because it doesn’t have available orbitals that can so interact. 
Using our frontier molecular orbital concept, we must have a full orbital supplying electrons and an 
empty orbital accepting orbitals. With molecular bromine we have no empty orbitals with proper 
orientation such that the molecule can have both bromine atoms interacting with the alkene 
simultaneously. The only empty orbital associated with the bromine molecule is the 6% which sticks 
out from the ends of the bromine molecule. It’s impossible for both bromine atoms to thus interact 
simultaneously with the HOMO of the alkene. 
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Figure 10.16 Molecular orbital description of the formation of the bromonium ion. Тһе 
HOMO of the alkene interacts with the LUMO of the bromine molecule, 
generating bromide anion and the bromonium ion. We are considering 
four orbitals undergoing change here—o and o* from the bromine 
molecule and т апа л* from the alkene. The changes are shown leading to 
the filled HOMO of the bromonium, two empty orbitals associated with 
the bromonium ion, and a filled non-bonding orbital associated with the 


bromide anion. 
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bromide anion empty antibonding 
filled non-bonding bromonium ion orbitals 
orbital 


Figure 10.17 Molecular orbital view of the completion of the addition of bromine to 
an alkene. The bromide anion attacks the bridged bromonium ion on 
the face opposite to that of the initial bromine addition. Attack is from 
the back where the large lobes of the empty orbitals are available for 
overlap and new bond formation. Attack at each of the two carbon sites 
is possible. 


Consider the reaction in which water acts as a nucleophile on the bromonium ion from trans- 
2-butene. Actually, two bromonium ions are formed by the reaction of bromine with trans- 
2-butene. These two bromonium ions are a pair of enantiomers, formed in equal amounts, as 
shown in Figure 10.18. The two bromonium ions are formed in equal amounts. Association of 
bromine with one face of the alkene is just as likely as association with the other face, leading 
ultimately to the formation of a pair of enantiomeric bromohydrins. 


UNSYMMETRICAL ALKENES 


Consider the formation of a bromohydrin from an unsymmetrical alkene such as 2-methyl- 
2-butene. We can imagine that two isomeric bromohydrins (10.6 and 10.7) could possibly be 
formed. Experimentally, however, only one (10.7) can be isolated in an appreciable yield, as 
shown in Figure 10.19. 
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We refer to this type of selectivity as regioselectivity. We can rationalize the regioselectiv- 
ity in the addition reaction by considering the intermediate bromonium ion. Recall the three 
resonance structures for the bromonium ion that were shown earlier. With a symmetrical alkene, 
the two acyclic structures would be energetically equivalent. With an unsymmetrical alkene this 
is not the situation, however, and there is an uneven charge distribution. This uneven charge dis- 
tribution results in regioselectivity for the overall addition process. The contributing resonance 
structures of the bromonium ion are shown in Figure 10.20. 


TH 
Br adds to (сна --СНСН; 
2-position Ө 
3-bromo-3-methyl-2-butanol 
E (minor product) 
и 10.6 
НС 
T 
Br adds to 
3-position СН --СНСН; 


ОН 
3-bromo-2-methyl-2-butano 
(major product-77 % yield) 
10.7 


Ғісиве 10.19 Bromohydrin formation with 2-methyl-2-butene. An unsymmetrical alkene 
can generate different bromohydrins, depending on the olefinic carbons to 
which the -Br and -ОН attach. Experimentally, we find that one mode of 
addition is preferred to the other. The -OH becomes attached to the carbon 
that bears more alkyl groups. 


Figure 10.20 Contributing resonance structures for the bromonium ion from 2-methyl- 
2-butene. The acyclic structure on the far right is a tertiary carbocation, while 
the one in the center is a secondary carbocation. The structure on the far right, 
being a more stable resonance form, contributes more to the true structure of 
the bromonium ion than does the center structure. Thus, the true structure has 
more tertiary carbocation character than it does secondary carbocation 
character, and an incoming water molecule reacts preferentially at the more 
highly substituted site, which is the more electrophilic site. 
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It is interesting to note that the degree of stereoselectivity diminishes as the relative 
importance of the acyclic resonance structure to the right in Figure 10.20 increases. If the 
contributing structure on the far right were so dominant that the bromonium ion actually 
existed as the open carbocation, there would be no stereoselectivity in the reaction. We at times 
find this lack of stereoselectivity with reactions in which a particularly stable open-chain 
carbocation can be formed. 


ALKENE REACTIONS WITH HALOGEN IN ALCOHOL SOLUTION 


The addition of halogens to alkenes in alcohol solution (rather than water or carbon tetrachloride) 
leads to B-haloethers. An example is shown in Equation 10.4. We refer to the product in this reac- 
tion as a B-halo ether. The carbon attached to the ether oxygen is the о-ровйіоп, and the next 
carbon along the chain is the Д-розшоп, as is indicated on the product in Equation 10.4. 


НЗС СН; 
7 Br, А CH30H 
C=C --------- 
E y 
H СН» 
2-methyl-2-butene 3-bromo-2-methoxy-2-methylbutane 


racemic—76% yield (Eq. 10.4) 


10.5 ADDITION OF HYDROGEN HALIDES 


THe GENERAL MECHANISM 


Hydrogen halides (HX) react with alkenes to produce haloalkanes. These reactions, like those 
discussed earlier, are electrophilic addition reactions. An electrophilic HX molecule adds to the 
carbon-carbon double bond, as is shown in Equation 10.5 for 1-butene. The mechanism of this 
reaction involves two steps. 


HBr 
СН;СН;СН — СН, — 
acetic acid 
Br 
1-butene 2-bromobutane 
63% yield (Eq. 10.5) 


The ease with which hydrogen halides add to alkenes follows the order of their acidity. 
Hydrogen iodide, the most acidic of the hydrogen halides, is the most reactive, and hydrogen 
fluoride, the least acidic, is the least reactive: 


Reactivity for alkene addition: HI > HBr > НСІ > HF 
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Mechanism of the Addition of HX to Alkenes 


Step 1 The hydrogen halide transfers a proton to the alkene to form a carbocation 


H,C = CH, + H—Cl ——»- + CH,— СН; + СГ 


Step 2 The halide ion combines with the carbocation to give the product. 


ә 


+ СН СН: + СС — > CICH, — CH, 


The addition of a hydrogen and a halogen to alkenes can also be brought about by using 
a halide salt and a strong acid such as phosphoric acid. The mechanism is the same as that 
previously shown for НСІ addition, except that the phosphoric acid causes the initial 
protonation of the alkene. One useful preparation that uses this technique is shown in 
Equation 10.6. 


KI l 
— > 
НЗРО4 
cyclohexene iodocyclohexane 
85% yield (Eq. 10.6) 


Because the addition of hydrogen halides to alkenes proceeds through an open carbocation, 
we anticipate stereochemical consequences different from those found in the bromination of 
alkenes. Consider an open carbocation of the type we have already discussed. With a p orbital 
at the electron-deficient carbon, attachment of the incoming anion should occur with equal prob- 
ability from either the top or the bottom, as is illustrated in Figure 10.21. The product of this 
addition (starting with 1-butene) would be racemic 2-iodobutane. 

While we would not expect to find any stereochemical preference with a truly open cation, 
experiments often do indicate a preference. Often there is a preference for anti addition, and 
occasionally for syn addition. The stereochemical outcome depends largely on the structure of 
the alkene. Since there is a preference in many instances, we infer that the carbocation is not 
completely free and open. The two-step mechanism we presented earlier is, in fact, somewhat 
simplified. Nevertheless, this simplified mechanism suffices for most purposes and we will use 
it throughout this discussion. 
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Figure 10.21 Routes for iodide anion addition to the 2-butyl cation. The two lobes of the 
empty p orbital are equally capable of participating in binding to the 
incoming anion. A racemic product is generated. 


ADDITION TO UNSYMMETRICAL ALKENES 


With unsymmetrical alkenes, initial protonation yields primarily the more highly substituted of 
the possible carbocations. The protonation of 1-methylcyclopentene is shown in Figure 10.22 as 
an example. 

Selectivity in the reaction of 1-methylcyclopentene with potassium iodide and phosphoric 
acid is shown in Equation 10.7. This reaction is regioselective. One of the two possible posi- 
tional isomers is favored over the other. A Russian chemist, Vladimir Markovnikov, had as early 
as 1869 recognized the regioselectivity of addition reactions at double bonds. Long before any 
mechanistic details for the reaction were known, he recognized the pattern of behavior and 
developed a rule for predicting the major product of such reactions. We can paraphrase 
Markovnikov’s Rule as follows: 


When an acid, HX, adds to a double bond, the hydrogen becomes attached to the carbon 
atom that already has the more hydrogen atoms attached to it. 


H3C HC I 
KI 
Ум— > 
НЗРО4 
1-methylcyclopentene 1-iodo-1-methylcyclopentene 
80% yield (Eq. 10.7) 


Today we say that reactions that give products in accord with Markovnikov's Rule proceed 
with Markovnikov orientation. Reactions that give the opposite orientation of addition are 
said to proceed with anti-Markovnikov orientation. An example of a reaction proceeding 
with anti-Markovnikov orientation is shown in Equation 10.8. Although this reaction proceeds 
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НС 
+ 
H 3° carbocation 
major reaction route 
н.С H (maj ion route) 
H H* 
НЗС H 
H 2° carbocation 
+ (minor reaction route) 


Figure 10.22 Carbocation formation from an unsymmetrical alkene. The proton is added 
to the less highly substituted of the olefinic carbon atoms, generating the 
more highly substituted of the possible carbocations. 


*H,C—CH,—CF3_ more stable carbocation 


CF; - 
HC—C 
N 
H 
CF 
$4. 
H3C— с less stable carbocation 
H 


Figure 10.23 Protonation of 3,3,3-trifluoropropene. Protonation occurs at the internal 
olefinic carbon to give a primary carbocation. Protonation at the terminal 
olefinic carbon site to form the more highly substituted carbocation is 
disfavored in this instance because of the adjacent trifluoromethyl group, 
a strongly electron-withdrawing group. In this instance the secondary 
carbocation is less stable than is the primary carbocation. 


contrary to Markovnikov’s Rule, it does not violate mechanistic principles. It does proceed 
through the more stable of the possible carbocations. The trifluoromethyl group is strongly 
electron withdrawing and destabilizes a positive charge at the adjacent carbon atom, as shown 
in Figure 10.23. 


CF3CH = CH, +HBr — CF3CH,CH,Br 


3,3,3-trifluoropropene 1-bromo-3,3,3-trifluoropropane 
97% yield (Eq. 10.8) 


In Section 10.12 we will take up another important example of an addition reaction of 
alkenes that proceeds with anti-Markovnikov orientation. 
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REARRANGEMENTS ACCOMPANYING ADDITION 


In our earlier discussion of carbocations, we saw 
that they sometimes rearrange to give more sta- 
ble carbocations. Since the addition of a 
hydrogen halide to an alkene proceeds through a 
carbocation, we might anticipate that the same 
type of rearrangement could occur in these reac- 
tions. We do indeed see skeletal rearrangements 
in this type of reaction, and the occurrence of 
these rearrangements provides good confirma- 
tion that these reactions proceed via carbocation 
intermediates. 

For example, hydrogen chloride in acetic 
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(Butlerov) 1860 


acid reacts with 3,3-dimethyl-1-butene to give 2-chloro-2,3-dimethylbutane as the major 
product. We explain this product formation in terms of a carbocation rearrangement, as shown 


in Figure 10.24. 


REACTION PROGRESS DIAGRAMS AND THE HAMMOND POSTULATE 


Reaction progress diagrams are often useful for the graphical display of mechanistic steps. In a 
reaction progress diagram we illustrate progress of the reaction from reactant to product along 
a horizontal axis. The potential energy (vertical axis) associated with a given species (reactant, 


CH; CH; 
H* | 
о ---> H,C—C—CH—CH, 
+ 
CH; CH; 
| cr 
CH; 


носени 


CH; Cl 


37% yield 


methide СН; 
shift 
---- Ве 
CH; 
| cr 
Cl CH; 


ва си ен 
CH; 
44% yield 


Figure 10.24 Reaction of 3,3-dimethyl-1-butene with hydrogen chloride in acetic acid 
at 25?C. Initial protonation of the double bond gives a 2?carbocation. 
A methide shift produces a more stable 3?carbocation. Chloride addition to 
the 2?carbocation provides the relatively minor (3796) haloalkane product. 
Chloride ion addition to the rearranged carbocation provides the relatively 
major (4496) haloalkane product. The remainder of the product arises from 
attack of the acetic acid solvent on the carbocations. 
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product, or intermediate) is represented along the vertical axis (height of the curve). The first 
step of the addition of HX to methylpropene is shown in Figure 10.25 along with its reaction 
progress diagram. Here we compare the possibilities for addition of the proton at each of the two 
possible sites. 

We see in Figure 10.25 that the potential energy of the tertiary carbocation is lower than 
that of the less stable primary carbocation. However, the starting material for each carbo- 
cation is the same, and therefore the formation of each carbocation begins at the same 
energy level. 

To proceed from reactants to carbocations, the reactants must possess sufficient energy to 
reach the transition state, the point of highest potential energy as the reaction proceeds from 


(CH3)3C* 
н? (3? carbocation) 
(CH3),CHCH,* 
Potential | | 
Energy activated complexes у (1° carbocation) 


Eact for 3° carbocation 


Еас for 1° carbocation 


у= uae od 


Reaction Coordinate (Progress of Reaction) 


Ғісиве 10.25 Reaction progress diagram for competing protonation of sites of 
methylpropene. The tertiary carbocation is formed more readily (virtually 
exclusively) because the activation energy for its formation is lower than the 
activation energy for formation of the primary carbocation. 
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reactants to products. (A transition state occurs 
at a point of relative maximum on a reaction 
progress diagram; an intermediate occurs at a SVANTE AUGUST ARRHENIUS 
point of relative minimum energy. The ЕЕ 
difference between the maximum potential d. 1927 

energy of the transition state and the potential ЕЕЕ 
energy of the reactants is the activation energy Sweden (Edlund) 1884 

(Ела), Which we have previously discussed Е . 

briefly. The magnitude of Ела governs how fast Di auia у. 
the reaction will occur. Reaction occurs only if 
the colliding reactants can change enough of 
their kinetic energy into potential energy to reach 
the required maximum value. For the reaction to occur, the molecules must collide with 
sufficient energy (and proper orientation). 

If the required Ега is high, relatively few colliding molecules will have sufficient energy for 
reaction to occur. Most collisions will not lead to product, and the rate of reaction will be slow. 
For competing reactions, as we are considering here, the process with the lower E, will proceed 
more rapidly. 

An aside is appropriate here concerning how we view reaction progress diagrams. We should 
not view reactions as proceeding “up” one side of the barrier and “down” the other. Rather, the 
colliding reagents have associated with them a particular (combined) energy. If that (combined) 
energy, while also having an acceptable orientation upon collision, is sufficient to pass through 
the transition state, conversion to products will occur. If not, they will proceed to some molec- 
ular configuration part of the way toward products and then will separate back to the original 
reactants with the original (combined) energy. Once a molecular configuration has been reached 
corresponding to the transition state (vide infra) reactants go on to products with the original 
energy until they collide with some other body (another molecule or the container wall) and 
transfer energy and remain in the molecular configuration of the product(s). 

There is an inverse exponential relationship between the rate constant for the reaction and 
the activation energy. The rate constant of a reaction is a proportionality constant relating the 
rate of product formation (e.g., in moles/literssecond) to the concentrations of the reactants. For 
a given reaction, the rate constant varies with temperature. The relationship of the rate constant 
and the activation energy is known as the Arrhenius equation: 


Chemical Biography 


Ба Де ZE RT 


where К is the rate constant of the reaction, R is the gas constant, Т is the Kelvin tempera- 
ture, and A is proportionality constant. Small changes in Е can produce large changes in 
reaction rate. 

At the potential energy maximum (the transition state), the specific arrangement of the 
atoms of the reacting species is known as the activated complex. The activated complex is a 
species whose structure lies somewhere between those of reactants and products. Some bonds 
of the reactants are partially broken and some new bonds of the product are partially formed in 
the activated complex. Beyond the transition state, potential energy can be converted back into 
kinetic energy and lost by collisions with other species (reactants, products, solvent) or the 
container wall. 
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For a multistep reaction (as for HX addition to an alkene) we need to show a reaction 
progress diagram for each of the steps. In HX addition to an alkene, the first step is slower than 
the second, indicating that the activation energy for the first step is greater than it is for the sec- 
ond step. The overall reaction progress diagram for the addition of hydrogen chloride to 
methylpropene is shown in Figure 10.26. 

Activation energies are in effect energy barriers that reactants must overcome in proceeding 
to products. The higher is the activation energy, the slower is the reaction. It may seem intu- 
itively reasonable that the more stable of the two possible carbocations will be formed more 
readily. However, there is no fundamental relationship between thermodynamics, which 
tells us about the overall energy changes, and kinetics, which describes how fast a reaction will 
occur (see the following section) and depends on the energies of the transition states or activated 
complexes. 


L«——— first step ———»<— second step — 


Potential 
Energy 


X 


Reaction Coordinate (Progress of Reaction) 


FicunE 10.26 Overall reaction progress diagram for the addition of hydrogen chloride to 
methylpropene. The activation energy for the first step (Е кн) is higher than 
the activation energy for the second step (Ел с). The overall reaction has two 
activated complexes (two transition states), and there is one intermediate 
species formed in the reaction (the tert-butyl carbocation). Intermediates 
occur at relative potential energy minima on the reaction progress diagram, 
and activated complexes occur at relative potential energy maxima. 
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When a proton reacts with an alkene to form a carbocation, the thermodynamically more 
stable carbocation is formed faster. In fact, it is usually found that the more stable of the possible 
carbocations forms more rapidly by any process we use to generate them. We will encounter this 
generalization many times. 

Let us again consider the carbocations illustrated in Figure 10.25. The formation of each of 
the possible carbocations requires a separate activated complex. Consider the structures for these 
two activated complexes, which are shown in Figure 10.27. In each of the activated complexes, 
positive charge has developed to some extent on one of the carbon atoms. We expect the favored 
activated complex to be the one with the more stabilized positive charge. A positive charge on 
carbon is stabilized by adjacent alkyl groups (actually, the hydrogens attached to the adjacent 
carbon atoms). We therefore can predict that the favored activated complex will be the one 
leading to the more highly substituted (in this instance, 3°) carbocation. 

We need to examine activated complexes more closely. We have said that positive charge is 
partially developed on carbon, and that some of the bonds of the products are partially formed 
and some of the bonds of the reactants are partially broken when these transition states 
are reached. It is often important to know the extent to which charge has been developed and 
the degree to which bonds have been broken and formed in the activated complex. In other 
words, we would like to know to what extent the activated complex resembles the reactants or 
products. 


НС 


С==СН, + н' 


НЗС 
5+ 5+ 
H H. 
H,C is 6+ 2 ^ ` Е 6+ S 
ПТА С ==С. Му mum 
чи H C n! 
HAC Ж X H / “н 
H Н.С 
(СНз)зС* (СНз)›СНСН)* 


Figure 10.27 Activated complexes for the formation of carbocations from methylpropene. 
The activated complexes for the two possible carbocations are shown in the 
brackets. Dashed lines represent partially formed or partially broken bonds. 
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Special Topic 


Kinetics and Thermodynamics 


Consider a stone placed on the surface of thick oil in a drum. Thermodynamics tells us that the stone, 
being denser than the oil, will be more stable at the bottom of the drum than at the top. That is, the 
stone has a tendency to sink to the bottom of the drum of oil. Thermodynamics does not, however, 
tell us how fast the stone will sink. 

In principle, we might be able to calculate the rate of fall of the stone through the oil if we knew 
enough about both the oil and the stone, and had a satisfactory mathematical model to make mean- 
ingful calculations. If we didn’t have enough information or a suitable mathematical model, we 
would need to resort to experimental measurements to determine the rate of fall through the oil. 

In general, thermodynamics can only compare energy content between some initial and some final 
state. If the energy content in the final state is less than the energy content in the initial state, then the 
final state is more stable and there will be a tendency to attain this final state. Thermodynamics, how- 
ever, says nothing directly about the rate of conversion between the two states. In the example of the 
stone and the oil, the rate of fall would be rather slow. In some other medium (e.g. water or air) the 
rate of fall would be greater (more rapid). The overall energy change, however, would be the same 
in any medium, because the distance the stone would fall would be the same. 

In chemical reactions AG (the free energy change, see Chapter 6) tells us the thermodynamic driv- 
ing force for a reaction. Reactions with a negative AG have a natural tendency to proceed from 
reactants to products. We say that such reactions have a thermodynamic driving force. While reac- 
tions with a large driving force often occur rapidly, this is by no means always true. For example, 
most of the biological molecules of our bodies react at a negligible rate with oxygen of the air (for- 
tunately), even though there is a large driving force (large negative AG) for their oxidation. Similarly, 
soot does not change into diamonds at any perceptible rate, in spite of the fact that carbon in the form 
of diamond is more stable than it is in soot. (Fortunately, neither do diamonds change into graphite, 
an even more stable form of carbon, at any perceptible rate.) Species that endure for significant peri- 
ods of time in spite of inherent thermodynamic instability are referred to as being metastable or 
kinetically stable. The unqualified use of the term stable can cause ambiguities. It is often necessary 
to spell out exactly what we mean when we say that something is stable or unstable. 

Theory, if sufficiently advanced, could in principle predict the rate of any given reaction, just as 
it could be used to calculate the rate of fall of a stone in a drum of oil. However, calculations of rate 
from first principles are not yet possible for the vast majority of chemical reactions. Nevertheless, by 
measuring and comparing the rates of many different reactions, chemists have been able to develop 
some useful correlations. We will look at some of these correlations as we proceed. 


An insightful analysis of the factors involved in the activation process was developed by 
Professor George Hammond in 1955. This analysis is generally referred to as the Hammond 
postulate. This postulate tells us that the activated complex for a reaction step that is exother- 
mic tends to resemble structurally more closely the reactants than it does the products. Further, 
the activated complex for a reaction step that is endothermic tends to resemble structurally more 
closely the products than it does the reactants. We say that an exothermic reaction step has an 
early transition state and an endothermic reaction step has a late transition state. We can illus- 
trate these concepts with one further look at the reaction progress diagram for the addition of 
HX to methylpropene (Figure 10.28). 
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Figure 10.28 Structures of the activated complexes in the addition of HX to 
methylpropene. The first step is endothermic. Therefore, the activated 
complex (B) is structurally more similar to the carbocation intermediate (C) 
than it is to the starting material (A). That is, at the transition state the 
hydrogen ion (H*) is almost completely bonded and considerable positive 
charge has developed on the tertiary carbon atom. Along the reaction 
coordinate B is closer to C than it is to A; it is a late transition state. In the 
second step the activated complex (D) involves only the beginning of new 
bond formation between the carbocation (C) and the anion. The activated 
complex (D) is structurally more similar to C than it is to product (E); it is an 
early transition state. 


When an alkene reacts with a hydrogen halide, the first step is the formation of a carbocation. 
This step is endothermic. According to the Hammond postulate it will have a late transition state. 
The activated complex will resemble the eventual carbocation intermediate in that significant pos- 
itive charge will have developed on carbon. In the reaction of methylpropene with a hydrogen 
halide, two carbocations could, in principle, form (as shown in Figure 10.27). The selectivity of 
a reaction is measured by the extent to which one product is formed compared to the other—this 
in turn depends on the difference in the activation energies for the formation of each of the pos- 
sible intermediates. If the difference is large, there is high selectivity. If the difference is small, 


300 ORGANIC CHEMISTRY 


there is little selectivity. For the reaction between methylpropene and a hydrogen halide we 
expect high selectivity because the competing reactions have late (carbocationlike) transition 
states. The two activated complexes differ significantly in energy because one closely resembles 
a tertiary carbocation and the other resembles closely a primary carbocation. Whatever stabilizes 
the product (a carbocation) also stabilizes the transition state leading to that product. 

If the transition state were earlier, charge would not be as fully developed on carbon. Then 
the transition state would be /ess cationlike and there would be a smaller difference between the 
energies of the two activated complexes. The selectivity of the process would be diminished and 
the eventual formation of the more stable carbocation product would be less dominant. 


10.6 ADDITION OF SULFURIC ACID 


Cold, concentrated sulfuric acid (H5SO,) reacts with alkenes; Н and HSO; are added across the 
double bond producing an alkyl hydrogen sulfate. Experimentally, we observe the alkene “dis- 
solving" in the acid (it is really the reaction product that dissolves). 

If the alkene is gaseous, we can allow it to react by bubbling it into the acid. If the alkene is 
a liquid, we can simply mix the two liquids to cause reaction to occur. The reaction system is 
shown in Figure 10.29. 

The products of the reaction of alkenes with sulfuric acid are esters of sulfuric acid. We ear- 
lier discussed esters of several organic and inorganic acids. As esters, these products can undergo 
several useful reactions. For example, on heating the alkyl hydrogen sulfates are converted back 
into the parent alkenes, and if the ester is diluted with water and heated, hydrolysis occurs and 
an alcohol is formed. Both of these reactions are shown in Figure 10.29. 


Formation of an alkyl hydrogen sulfate 


cold conc. О8О-ОН 
ыы acid 


Thermal decomposition of an alkyl hydrogen sulfate 


OSO,0H 


heat 
— > 


Hydrolysis of an alkyl hydrogen sulfate 
О5О;ОН 


heat 


Figure 10.29 Formation and reactions of an alkyl hydrogen sulfate. 
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These two reactions of alkyl hydrogen sulfates are quite important. First, reaction with 
sulfuric acid to form the alkyl hydrogen sulfate, followed by thermal decomposition, is a good 
method for purification of alkenes. This approach allows alkenes to be isolated efficiently from 
mixtures with alkanes. In addition, the hydrolysis of alkyl hydrogen sulfates is quite suitable for 
the industrial manufacture of alcohols. All of the ingredients are readily available—the alkenes 
from petroleum cracking, and the sulfuric acid from the oxidation of sulfur. (Sulfuric acid has 
been the “number 1” industrial chemical for many years.) 


10.7 HYDRATION OF A DOUBLE BOND USING 
WATER AND A STRONG ACID 


Hydration of a double bond refers to the addition of the elements of water (H and OH) across 
the olefinic carbons of the alkene to produce an alcohol. It is a very important synthetic reaction. 
This section and the two following will describe the most common methods that have been 
devised to accomplish hydration. 

Water itself will not react with alkenes. However, it will react in the presence of strong 
acids, and this route provides the most direct method for the hydration of alkenes. Reaction 
begins with protonation of the alkene to produce a carbocation. The water present then acts as 
a nucleophile, adding to the carbocation to form an oxonium ion. Final loss of a proton from 
the oxygen yields the alcohol. Examples of this synthetic method are shown in Equations 10.9 
and 10.10. 


+ 
H3PO, ӘС Сон, OH, 
p d bm — p di di --->- 
“У --- EL 
1-pentene 
H* |} -H* 
pus 
2-pentanol 
80% yield (Eq. 10.9) 
H5SO,4, H,0 
2504, Н; NE CH; 
OH 
methylenecyclobutane 1-methylcyclobutanol 


66% yield (Eq. 10.10) 
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Since a carbocation intermediate is involved in this reaction, we must keep in mind several 
points: 


1. If an unsymmetrical alkene is used, protonation will occur to yield the more stable of the 
possible carbocations. In general, we expect Markovnikov’s Rule to be followed in the 
addition of water. 


2. Rearrangements of the carbon skeleton are possible prior to reaction with water. 


3. The reaction is not stereospecific, because water can attack the carbocation intermediate 
from either the top or the bottom. 


This method of hydration of an alkene involves the use of strong acid, and it is useful only for 
molecules that have no other sensitive functional groups. For molecules that do have acid-sensitive 
groups, milder methods of hydration must be used, as we will discuss in the next sections. 


10.8 HYDRATION BY MEANS OF 
OXYMERCURATION/DEMERCURATION 


ALCOHOL SYNTHESIS 


Many reactions of alkenes are initiated by the addition of a proton to the double bond to form a 
carbocation. The carbocation then goes on to react with some nucleophile present in solution. 
Certain metal ions may be used (instead of the proton) as the electrophile in the initial step 
of such reactions. Mercuric ion (Hg?*) is a particularly important example of such a metal ion. 
If we treat an alkene with a solution of mercuric acetate [Hg(OAc);], an intermediate 
organomercury compound is formed, as shown in Figure 10.30. We refer to this reaction as 
oxymercuration. 


Oxymercuration 
OH 
Hg(OAc); 
ВИ Да И 
NS H,O 
1-pentene HgOAc 
Demercuration 
OH OH 
NaBH, + Hg 
-------- 
HgOAc 2-pentanol 
96% yield 


Ғісиве 10.30 Oxymercuration/demercuration of 1-pentene. 
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The addition is regiospecific. Mercury adds to the less substituted carbon of the alkene, and 
the hydroxyl group becomes attached to the more highly substituted carbon. We do not usually 
isolate this intermediate, but instead reduce it in situ to an alcohol by adding sodium borohydride 
to the reaction mixture. Since the reduction results in the loss of mercury from the organic 
species, we call this reaction demercuration. This step is also illustrated in Figure 10.30. 


Mechanism of Oxymercuration 


Step 1 The 7 bond electrons of the alkene interact with the mercury of the mercuric acetate. 
(The full nature of the reaction is shown using 1-methylcyclopentene as the alkene). 


) — + OAc” 
HC 


Hg — Het 
£— OAc 8 OAc 


Unlike the species generated by proton attack, the species produced in this initial attack 
by mercury does not have a formal б bond between carbon and the electrophile but 
rather consists of a three-membered ring akin to a bridged bromonium ion. The mer- 
сигу is associated with one face of the original m bond, and the methyl group (with 
1-methylcyclopentene, as shown) is forced to the opposite side of the ring. 


Step 2 Water attacks the intermediate species from the face opposite the attached mercury at the 
more highly substituted carbon atom (again, in a manner akin to water attack on a 
bridged bromonium ion). This step is a stereospecific anti addition overall and is also 
regiospecific (has Markovnikov orientation). 


H H 
307 


OAc 


Но+ Не 
EN У 7 ОАс НЗС “OAc 


ОАС_ 
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Step 3 A base present in the reaction system (e.g., acetate anion) removes a hydrogen ion from the 
intermediate oxonium ion to give the organomercury species. 


OAc” + HOAc 


Hg Hg 
H,C ~~ OAc Н.С `` ОАс 


NaBH, * 

———— H H 

NaOH @ 

Hg 
Н.С OAc НЗС Н.С 
МаВН4 

Н 

H 


НЗС 


Figure 10.31 Free radical species in the demercuration step of oxymercuration/ 
demercuration. Two ways of illustrating the free radical are shown in the 
center. The structure on the left simply shows an unpaired electron at 
the carbon originally bound to mercury. The structure on the right shows the 
p orbital bearing the unpaired electron. Attachment of hydrogen atom can 
occur from either the top or the bottom of this p orbital, rendering the step 
nonstereospecific. 


The oxymercuration process proceeds in three steps that lead to an intermediate organomer- 
cury compound. 

The demercuration process is not stereospecific; it proceeds through a free radical species of 
the type shown in Figure 10.31. 
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10.9 HYDRATION BY MEANS OF HVDROBORATION/ 
OXIDATION 


GENERAL 


Consider the problem of converting 1-butene to 1-butanol. Hydration of the double bond with 
anti-Markovnikov orientation is required. None of the hydration methods we have discussed is 
suitable for this conversion because they all add the elements of water with Markovnikov stereo- 
chemistry and would produce 2-butanol from 1-butene. 

Fortunately, there is a method for adding the elements of water across a double bond with anti- 
Markovnikov orientation. The conversion is performed by means of a two-step procedure known 
as hydroboration/oxidation. In addition to being regiospecific (anti-Markovnikov), the reaction 
is also stereospecific. The elements of water are added to the double bond in a syn manner. 

The reagent used for hydroboration reactions is borane, ВНз, generally in the form of one of 
its complexes, such as with dimethyl sulfide (10.8) or tetrahydrofuran (THF) (10.9). Borane 
itself is not sufficiently stable to be isolated and stored. When prepared in an uncomplexed form, 
it is present as the dimer, В-Н6, a spontaneously flammable gas known as diborane. Diborane 
can be used for hydroboration, although it is difficult to handle. The complexed forms are much 
easier to use and store, and they behave chemically as we would expect BH; to behave. For sim- 
plicity, we will refer to borane reagents here simply as borane or BH3, recognizing that a 
complexed form of diborane is actually used. 


H4B-—S'(CH3); 


10.8 10.9 


Equation 10.11 shows the overall hydroboration/oxidation procedure applied to 1-pentene. 
In fact, only one-third mole of borane is required for every mole of 1-pentene to be converted. 
Each of the three boron-hydrogen bonds of borane reacts sequentially with a molecule of the 
alkene (here, 1-pentene), producing tri-1-pentylborane (10.10), as shown in Equation 10.12. 
Since tri- 1-pentylborane (10.10) contains no further boron-hydrogen bonds, it is incapable of 
any further alkene addition reactions. In general, hydroboration of an alkene results in the for- 
mation of a trialkylborane. 


1. ВНЗ 
ИЗ” йы лы ШЫН 
2. H,0,, NaOH 


1-pentene 1-pentanol 
85% yield (Eq. 10.11) 


Trialkylboranes are important species for organic synthesis because they undergo a variety 
of extremely useful reactions. Among these reactions is oxidation to alcohols. This oxidation is 
conveniently accomplished using an aqueous alkaline solution of hydrogen peroxide. All 
carbon-boron bonds are replaced by carbon-hydroxyl bonds in this process. In the reaction 
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shown in Equation 10.12, three carbon-boron bonds are broken and hydroxyl groups become 
attached to each of the carbons involved. 


кайы io 3 
и — AUT 


x SS 


tri-1-pentylborane 
10.10 


H50; 
NaOH 
Же DH 
Бар» тады LUE OH 
Ро о (Eq. 10.12) 


+ B(OH) 


MECHANISM, REGIOSELECTIVITY, AND STEREOCHEMISTRY 


Each stage of the hydroboration occurs with anti-Markovnikov orientation. That is, in the first 
stage of the reaction shown in Equation 10.12, only mono-1-pentylborane (10.11) is formed. No 
mono-2-pentylborane (10.12) is formed. 


i 
CH4CH;CH;CH;CH, — BH; ВОН е 
BH; 
10.11 10.12 
(formed) (not formed) 


The two subsequent additions to alkene also occur with anti-Markovnikov orientation to give 
tri-1-pentylborane (10.10). 

To account for the regioselectivity we need to consider the nature of boranes and the acti- 
vated complex for their addition to alkenes. Borane and alkylboranes contain an 
electron-deficient boron atom— boron has less than a noble gas complement of electrons. These 
boron species are therefore electrophiles. By contrast, an alkene is electron rich in the region of 
the double bond. As reaction begins, electron density is transferred from the alkene л bond 
toward boron and a carbon-boron bond begins to form, exactly as in the mechanisms described 
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earlier for bromination, protonation, and mercuration of alkenes. However, unlike these 
reactions, hydroboration does not proceed through a cationic intermediate. 

As the boron-carbon bond is being formed, an electron-rich hydrogen attached to the boron 
simultaneously begins to bond with the other (more electrophilic) carbon of the olefinic linkage. 
We have previously considered the differing natures of the carbon atoms of an unsymmetrical 
olefinic linkage. In borane, the hydrogen is relatively electron-rich compared to the electron- 
deficient boron. It acts as a hydride reagent. Boron binds to the more nucleophilic (less highly 
substituted) of the carbon atoms of the olefinic linkage, and hydrogen binds to the more highly 
substituted of the carbon atoms of the olefinic linkage. The result is syn addition of H and B 
across the double bond. 

We can look at the stereochemistry of the process by considering the reaction involving 
1-methylcyclopentene (see Equation 10.13). The syn nature of the reaction is shown by the par- 
ticular stereochemistry associated with the borane intermediate (10.13) and the product wherein 
the introduced hydrogen and hydroxyl group have a cis relationship. (Note: The product in the 
reaction of Equation 10.13 is named trans although a syn addition occurred.) The stereochemi- 
cal result of the first step is a syn addition; the stereochemical result of the second step is 
retention of configuration. 


СН; 
CH; | Но». 0 ж H 
NaOH, НАС H,0 —H 
BH, OH 
1-methylcyclopentene 10.13 trans-2-methylcyclopentanol 
85% yield 
(Eq. 10.13) 


The syn stereoselectivity suggests that addition of a borane to a double bond is a concerted 
process, that is, it occurs in a single step. As the double bond breaks, bonds to boron and to 
hydrogen begin to form. We usually view this reaction as occurring by means of a four-center 
activated complex, as shown in Figure 10.32. 

The oxidation of the intermediate trialkylborane proceeds via several steps. Initially, hydro- 
gen peroxide and hydroxide ion react to form the hydroperoxide ion. The hydroperoxide ion 
then adds to the electron-deficient boron of the trialkylborane. Migration of an alkyl group from 
boron to oxygen then occurs with displacement of hydroxide ion. When this process has 
occurred with all three of the alkyl groups originally attached to boron, the result is a trialkyl 
borate ester. Finally, the trialkyl borate ester undergoes hydrolysis under the aqueous basic con- 
ditions of the reaction to form borate ion and three equivalents of the alcohol. 

Of particular importance in this sequence is Step 3, the migration of the alkyl group from 
boron to oxygen. If the alkyl group has a stereogenic center bound to boron, we find that the 
migration occurs with retention of configuration at that carbon. In effect, the carbon slides along 
the boron-oxygen bond to displace the hydroxyl group and becomes bound to oxygen. We see 
the result of this migration in the reaction shown in Equation 10.13. The hydroxyl group 
becomes bound to carbon on the side of the carbon to which the boron was originally attached. 
Thus syn addition of boron and hydrogen, followed by retention in the replacement reaction of 
boron results in overall syn addition of H and OH. 
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Figure 10.32 Addition of borane to an alkene. The syn addition is presumed to occur by 
means of a concerted process involving a cyclic four-membered activated 
complex. The reaction occurs without rearrangement of the carbon 
skeleton, suggesting the absence of a carbocation intermediate. 


The discovery of the utility of borane for 
the hydroboration reaction, as well as the devel- 
opment of the subsequent reactions for the HERBERT C. BROWN 
alkylboranes, is the result of efforts of H.C. уара ге, 


Chemical biography 


Brown of Purdue along with numerous stu- МЕНЕНЕ И 

dents. As we proceed through the development b. 1912 

of the fundamental reaction processes of cb ces 

organic chemistry we will continually return to Ph.D. University of Chicago 
these reactions owing to their utility for organic (Schlesinger) 1938 


syntheses. Nobel Prize (Chemistry) 1979 


ISOMERIZATION OF ALKYLBORNES 


The hydroboration reaction is reversible. A significant consequence of this reversibility can be 
observed with the hydroboration of internal alkenes. In such a reaction, the alkylborane 
products can reform the H-B system and regenerate the alkene. Or, if a different adjacent hydro- 
gen is available, the Н-В system can be reformed along with an isomeric alkene, as shown in 
Figure 10.34. 

If the hydroboration reaction is heated, addition-elimination reactions occur continuously. 
The most thermodynamically stable alkylborane predominates in the equilibrium mixture so 
produced. As noted previously, the boron atom attaches preferentially to the less highly substi- 
tuted carbon atom of the alkene linkage. Ultimately, the boron becomes attached to (and stays 
with) the terminal position of the carbon chain, which is the least highly substituted of any car- 
bon of the chain. Upon oxidation of the trialkylborane we obtain a primary alcohol. An example 
of this reaction system is shown in Equation 10.14. 
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Сион ону H 1. BH;, heat 
9 “^^” , CHjCH;CH;CH;CH;CH;0H 
и“ X 2. НО», НО” 
Н СН; н.о 1-hexanol 
75% yield 


trans-2-hexene 
(Eq. 10.14) 


Molecular Orbital Analysis 


Hydroboration 


The syn nature of hydroboration is in accord with molecular orbital views of the alkene and the 
borane. Figure 10.33 shows the available orbitals of the two reagents that can interact in a concerted 
manner. 


empty p orbital on B 


HOMO of B-H bond O> 


Boron uses sp? hybrid 
orbitals in its bonds to 
hydrogen; only one of 
these is shown. 


п“ antibonding 
LUMO of alkene 


ГА 
A 


E п“ antibonding 


LUMO of alkene 


п bonding 
HOMO of 
alkene 


Figure 10.33 Molecular orbital interactions in the hydroboration reaction. Unlike 
other addition reactions that we have considered, hydroboration 
involves an atom (boron) that has an empty p orbital that is able to 
interact with the alkene. As the B-H bond and x bond are being broken, 
two new bonds can be formed simultaneously. These are indicated on 
the figure by the broad lines. 
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R;B H+ Н;ССН = CHCH, 
H4C— CHCH;CH, 
BR, 


АА 


RBH + H,C --СНСН;СН; 


Figure 10.34 Reversibility of hydroboration. The alkylborane can eliminate К,ВН, either 
regenerating the original alkene or forming an isomer of it. 


Mechanism of Oxidation of Alkylbornes in 
Hydroboration/Oxidation 


Step 1 Hydroxide ion and hydrogen peroxide react as base and acid to form hydroperoxide ion 
and water. 


НО” (о E S -----> H,0 + OOH 


Step 2 The hydroperoxide ion performs nucleophilic addition to the empty p orbital on the 


borane. 
EON _ 
E + ООН — Bon —OOH 
R R 


Step 3 An alkyl group migrates from boron to oxygen, displacing hydroxide ion from the 
peroxide linkage. 


R3B—Q—OH — — — — - 
js <9 RjB — OR + "ОН 


Step 4 The processes of Steps 2 and 3 are repeated with each of the remaining alkyl groups 
attached to boron. 

Step 5 The three B—OR linkages are cleaved by hydroxide ion attack on boron. The initially 
formed products of this cleavage are alkoxide ions, КО“, and boric acid, B(OH)3. Further 
acid-base reactions convert the alkoxide ions to alcohol molecules and the boric acid to 
borate ion. 
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In summary, isomerization of the initially formed trialkylborane occurs upon heating. 
At equilibrium, the terminal trialkylborane predominates. Upon oxidation, we then isolate the 
primary alcohol. If we want the reaction to occur without isomerization, we perform the hydrob- 
oration reaction at lower temperature. 


10.10 OTHER HVDROBORATION RELATED PROCESSES 


HYDROBORATION/HALOGENATION 


Upon treatment of a trialkylborane with a halogen (chlorine, bromine, or iodine) in the presence 
of methoxide ion, boron is replaced by halogen. The overall result of hydroboration/halogenation 
of an alkene is the addition of the elements of hydrogen halide to the original alkene with anti- 
Markovnikov orientation. Accordingly, haloalkanes that can not be prepared by the direct ionic 
addition of HX to an alkene can be prepared by the hydroboration/halogenation method. An 
example of this reaction is shown in Equation 10.15. 


1. BH; 
CH3CH,CH,CH,CH=CH, ----------  CH3CH;CH;CH;CH;CH,Br 
2. Br), NaOCH; 
1-hexene 1-bromohexane 


93% yield 
(Eq. 10.15) 


REDUCTION OF ALKYLBORANES 


The reduction of trialkylboranes occurs upon treatment with a carboxylic acid. The acidic hydro- 
gen of the carboxylic acid replaces the boron on carbon. An example of this reaction is shown 
in Equation 10.16. 


1. ВН; 
CH3CH,CH,CH,CH — СН, -------------2- CH3CH;CH;CH;CH;CH; 
2. CH; CH; CO, H 
1-hexene hexane 
91% yield 


(Eq. 10.16) 


This method accomplishes the same overall result as does catalytic hydrogenation. However, 
it has an advantage in that it allows a single hydrogen isotope (deuterium or tritium) to be 
introduced at either of the two olefinic carbon atoms. If an isotopically labeled borane reagent is 
used, the hydrogen isotope is introduced at the more highly substituted carbon of the olefinic link- 
age. To introduce the hydrogen isotope at the less highly substituted carbon of the olefinic linkage, 
labeled acid is used in the second step. These procedures are summarized in Figure 10.35. 
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CH;CH,CO,D 


3RCH=CH, 


УХ 


р 
CH4CH;CO;H 
[RCHD—CH,];8 — ——— ——» RCHD—CH, 


Figure 10.35 Specific hydrogen isotope incorporation with hydroboration/reduction. 
Reduction of an alkene linkage can be performed to incorporate one hydrogen 
and one deuterium regiospecifically. 


10.11 HVDROXVLATION 


SYN ADDITION 


Hydroxylation is the name given to the process of adding two hydroxyl groups across a double 
bond. The product of hydroxylation is a /,2-diol, also called a vicinal diol, or a glycol. 

We can accomplish hydroxylation by several means, with either syn or anti stereoselectivity. 
The stereoselectivity depends on the reagent system used for the reaction. Products of syn 
hydroxylation are formed through the use of either dilute aqueous solutions of permanganate 
salts or osmium tetroxide with bisulfite workup. Examples of these procedures are shown in 
Equations 10.17 and 10.18. 


H 
KMn0O,4, КОН 
-ə-------------і- % 
acetone 4 OH 
OH 
cyclopentene cis-cyclopentane-1,2-diol 
45% yield (Eq. 10.17) 
1. 004 Gy 
— ——- s 
© 2. H,O, NaHSO; % “ОН 
ОН 
сусіоһехепе cis-cyclohexane-1,2-diol 


75% yield (Eq. 10.18) 
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Reactions using osmium tetroxide usually produce higher yields of the vicinal diol than 
those using permanganate. However, osmium tetroxide is quite expensive and highly toxic. 

The reaction using permanganate is visually revealing. The purple color of the perman- 
ganate solution disappears as the reaction proceeds, and a brown precipitate of the manganese 
dioxide forms. We can use this reaction as a rapid test for the presence of carbon-carbon dou- 
ble bonds in unknown substances. When used in this manner, the reaction is known as the 
Baeyer test. 

The initial reaction of either permanganate or osmium tetroxide with an alkene produces a 
cyclic ester as a reaction intermediate. The intermediates in the reaction of cyclohexene are 
shown in Figure 10.36. 

Under the reaction conditions, the permanganate ester decomposes to form the 1,2-diol 
product. The corresponding osmate esters, which form as black precipitates, are more stable and 
are usually treated with water to form the 1,2-diol product. Sodium bisulfite reduces the initially 
formed Os(VI) to generate easily removed osmium by-products. 


ANTI ADDITION 


We can achieve anti hydroxylation of alkenes by treating them with hydrogen peroxide in formic 
acid. The hydrogen peroxide first reacts with the formic acid to form peroxyformic acid (10.14) 


10.14 


The peroxyformic acid then reacts with the alkene to produce a protonated epoxide, as 
shown in Figure 10.37. 


Же 74 % 
ОН 
5 ОН 
MnO 4 g zm. 
Mn 


H50, NaHSO, 


H,O 
o % 


Ғісиве 10.36 Cyclic ester intermediates in hydroxylation of alkenes using either 
permanganate or osmium tetroxide. 
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O O 
|| Emo; | 
g^ °No-H H,O н Со 7 и 


О 
|| H 


Ср н 1% 
— A + HCO,- 


FicuRE 10.37 Formation of a protonated epoxide intermediate in the reaction of 
cyclohexene with peroxyformic acid. 


H 
OH 


( ЈЕ OH 
dA — вее 


Figure 10.38 Completion of the hydroxylation of cyclohexene using formic acid and 
hydrogen peroxide. The reaction produces a racemic mixture of 
1,2-cyclohexanediol. 


A protonated epoxide is highly strained and is susceptible to attack by nucleophiles. Water, 
which is present as the solvent, attacks the protonated epoxide from the side of the ring opposite 
to the oxygen already present. This attack is entirely analogous to the reaction of a bromonium 
ion with a nucleophile to give overall anti addition. Upon loss of a proton (to the solvent), the 
trans-1,2-diol is formed (as a racemate), as is shown in Figure 10.38. 

The chemistry of epoxides will be discussed in detail later. At that time we will reconsider 
in more detail the anti hydroxylation reaction. 


10.12 ADDITION REACTIONS INVOLVING 
FREE RADICALS 


Anti-Markovnikov orientation in the addition of HBr (but not other hydrogen halides) to alkenes 
involves free radicals. Initially, this reaction was discovered quite by accident when free radicals 
generated from impurities in the reaction system initiated the first examples of this type of reac- 
tion. We can cause the anti-Markovnikov addition to occur by the specific addition of free 
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radical initiators to the reaction system. Free radical initiators are substances that readily form 
free radicals under mild conditions, such as gentle heating or irradiation with light. Many per- 
oxides serve as free radical initiators. Two examples of anti-Markovnikov addition are shown in 
Equations 10.19 and 10.20. 


О 
|| HBr, heat 
C CH46CHjgCH—CH; > 


benzoyl peroxide as initiator 
11-(1-undecenyl) acetate 


| 
С 
ZN у CH2(CH2)sCH2CH3Br 
НЗС O 
11-bromoundecenyl acetate 
82% yield 
(Eq. 10.19) 
HBr, heat 
СНзЗСН= СН, ---------5- CH34CH;CH;Br 
(CgH5CO5); — 
propene benzoyl peroxide as initiator 1-Рготоргорапе 
98.5% yield (Eq. 10.20) 


The accidental discovery of conditions favoring anti-Markovnikov orientation occurred due 
to the use of ether solvents in polar HBr addition reactions with alkenes. Upon standing in con- 
tact with oxygen of the air, ethers (Chapter 14) accumulate peroxides. Peroxides are compounds 
that contain the oxygen-oxygen linkage. The peroxide shown in Equations 10.19 and 10.20 is 
benzoyl peroxide, a commonly used material for the generation of free radicals. We have already 
seen some other examples of peroxides, for example, from hydrogen peroxide and from peroxy- 
formic acid. The oxygen-oxygen bond of peroxides is quite weak and is easily broken 
homolytically, as is shown in Figure 10.39. 

The resultant alkoxy radicals initiate the sequence of reactions shown in the description of 
the mechanism of anti-Markovnikov addition of HBr to alkenes. 

This sequence of reactions is an example of a chain reaction. The bromine atom produced in 
the last step can react with another molecule of alkene. The first two reactions of the sequence 
are chain-initiation steps—they are the reactions that produce the free radicals necessary to start 


О ~~ UR ; . 
------ R—O O—R 
a ge + 


Figure 10.39 Homolytic cleavage of Ше oxygen-oxygen bond of a peroxide. The 
products are two alkoxy radicals. 
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the reactions that actually form products. The third and fourth steps are chain-propagation steps. 
Each propagation step involves the reaction of a free radical with a non-radical species to pro- 
duce a new free radical. These steps follow each other in a repetitive, self-sustaining manner, 
until all starting materials are used up or the chain process is interrupted. 

Occasionally, two of the chain-propagating free radicals collide and combine to give a non- 
radical species. Such a reaction is a chain-termination step. Two chain-termination steps are 
shown in Figure 10.40. 

If we want to have anti-Markovnikov addition of HBr to an alkene, we must arrange for a 
source of free radicals to be present. The free radical chain reaction can then compete with the 
more usual ionic reaction that leads to Markovnikov orientation. Under free radical conditions 
we find that the free radical reaction proceeds much more rapidly than the ionic reaction. (The 
ionic reaction still does occur—the free radical reaction is simply faster.) 

The anti-Markovnikov orientation is the result of the preferential formation of the more sta- 
ble of the two possible free radicals that could be formed in the initial addition of a bromine atom 
to the alkene. As with carbocations, greater alkyl substitution about the electron-deficient radical 


Mechanism of Oxidation of anti-Markovnikov 
Addition of HBr to Alkenes 


Step 1 The peroxide bond undergoes homolytic cleavage to form two alkoxy radicals. 


= — 
aa ——= К-О + о-в 


Step 2 An alkoxy radical abstracts a hydrogen atom from a hydrogen bromide molecule. 


Ü yc 


R—O + H—Br ———- R—O—H+Br 
Step 3 The bromine atom formed in the previous step adds to one of the olefinic carbon atoms 
of the alkene. 
Br 


В а |. 
Br+H,C=CHR ---- Н,С-СНк 


Step 4 The alkyl radical abstracts a hydrogen atom from a molecule of hydrogen bromide. 


B a dli Br H . 
ү ге 4 | | +Br 


H,C—CHR + H—Br Н,С — CHR 
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Br: + ‘Br -----» Вг — Вг 


T Br Br 
H,C—CHR + ‘Br  — —*  H,C—CHR 


Ғісиве 10.40 Two chain termination steps in the anti-Markovnikov addition of НВг to 
alkenes. 


CH CHCH Br more stable secondary 
3 2 free radical 


(favored reaction) 
СН;СН = CH, + Br 


CH;CHBrCH, less stable primary 
free radical 
(less favored reaction) 


Figure 10.41 Addition of a bromine atom with an alkene. The more stable of the possible 
free radicals is formed preferentially. 


site results in a more stable species. Tertiary free radicals are more stable than are secondary free 
radicals, which in turn are more stable than are primary free radicals. An example is shown in 
Figure 10.41. 


10.43 OXIDATIVE CLEAVAGE OF ALKENES 


GENERAL 


Some oxidizing agents are sufficiently powerful to cleave both the л and ће o bonds of a dou- 
ble bond. The products of these reactions are compounds containing a carbon-oxygen double 
bond, that is, aldehydes, ketones, carboxylic acids, or even carbon dioxide. In each instance the 
carbon atoms of the original olefinic linkage are no longer joined to one another—a complete 
splitting of the carbon-carbon linkage has occurred. 


THe Use or PERMANGANATE 


In an earlier section we considered the reaction of cold, aqueous alkaline permanganate with 
alkenes. Reaction leads to the formation of a 1,2-diol. If we use a hot solution of permanganate, 
the diol is further oxidized. The nature of the product(s) from this further oxidation depends on 
the substitution about the original olefinic linkage. In summary, we find the following: 


+ If two alkyl groups are attached to a carbon of the olefinic linkage, that carbon is oxidized 
to a ketone function. 
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¢ If an olefinic carbon atom has only one alkyl group attached to it, that carbon atom is 
initially oxidized to an aldehyde. This aldehyde is then further oxidized to a carboxylic acid. 


+ Ifan olefinic carbon atom has only hydrogen attached to it, the initial product formed from 
it is formaldehyde, which is further oxidized to formic acid, which in turn is oxidized to 
carbon dioxide. 


These products of reaction are illustrated in Figure 10.42. 
Cyclic compounds containing a double bond in the ring behave analogously, except that the 
cleavage produces one difunctional molecule. An example is shown in Equation 10.21. 


1. КМпО4, КОН 


H50, heat COH 
>> 
2. ад. асіа СОН 
cycloóctene subaric acid 
69% yield (Eq. 10.21) 


THe Use or OZONE 


Carbon-carbon double bonds can also be cleaved by using ozone (O3). The reaction is known as 
ozonolysis. Ozone is a highly reactive allotrope of oxygen that must be generated at the time it 
is used (you can not get a bottle of ozone at your local chemical supply house). Ozone is read- 
ily generated from ordinary oxygen in electrical discharges. It is the source of the distinctive 
odor associated with electrical sparks. In the laboratory we generate ozone by passing a stream 
of oxygen through a silent electrical discharge and then into the reaction vessel. The reaction 
system is usually cooled to —78°С (the temperature of Dry Ice). The ozone content of the oxygen 
stream is low, never amounting to more than a few percent. However, this low concentration is 
quite sufficient for ozonolysis. 

The reaction of alkenes with ozone proceeds in stages. The terminal oxygen atoms of the 
ozone molecule initially add across the л bond of the alkene to give an unstable intermediate 
known as a molozonide. This intermediate then undergoes a rapid rearrangement with cleavage 
of the remaining с bond to give an ozonide, as is illustrated in Figure 10.43. 

Work-up of an ozonolysis reaction is accomplished by adding an appropriate reducing or 
oxidizing agent. When an ozonide is treated with a reducing agent (for example, zinc or nickel 
metal and an acid, or with dimethyl sulfide), it is cleaved. An example of ozonolysis with such 
a reductive work-up is shown in Equation 10.22. 


1. О; H 
————» 
2. Ni, СНЗСО,Н О-О 

ethanal 


(E)-3,5,5-trimethyl-2-hexene . 
4,4-dimethyl-2-pentanone 


75% yield (Eq. 10.22) 
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| 
KMnO,, КОН 
H,O, h 
Lf о Moia о о ox 
[] 
| 
1 
| ketone ketone 
[] 
| 
| KMnO,, KOH H 
| H,O, heat 
| Зевс A О о-( 
ae 
i 
: ketone aldehyde 
1 
1. KMnO,, KOH 
H,0, heat 
2. aq. acid 
H 
O = 
carboxylic acid 
1 
i KMnO,, КОН H 
= H,0, heat o o | 
| H 
1 
i ketone formaldehyde 
| 
1. KMnO,, КОН 
НО, heat 
2. aq. acid 
OH KMnO,, КОН OH 
— H,O H,O, heat 
CO, ~<— O a (0) 
OH H 
carbonic acid formic acid 
(unstable) 


Figure 10.42 Products of alkene oxidation upon heating with aqueous alkaline 
permanganate. 
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a molozonide 


an ozonide 


Figure 10.43 Formation of ап ozonide from an alkene by reaction with ozone. 


Under reductive work-up conditions, hydrogen atoms initially attached to an olefinic carbon 
remain unchanged, and any aldehydes that are formed remain as aldehydes. This is not the sit- 
uation when work-up is performed under oxidative conditions. For example, when hydrogen 
peroxide is used to decompose the ozonide, aldehydes formed initially are further oxidized by 
the hydrogen peroxide to carboxylic acids. The final observed products are then similar to those 
observed when permanganate is used as the cleavage reagent. An example of ozonolysis with 
oxidative work-up is shown in Equation 10.23. 


1. HU NNNM COH 
2. EETA TIE H50 COH 
cyclohexene adipic acid 
85% yield (Eq. 10.23) 


An exception to the similarity in products given by permanganate cleavage and by ozonolysis 
with oxidative work-up occurs with terminal alkenes. On ozonolysis with oxidative work-up, the 
terminal carbon of a terminal alkene is oxidized to formic acid. When cleavage of the terminal 
alkene is performed with permanganate, the terminal carbon atom is further oxidized to carbon 
dioxide. 
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STRUCTURAL ANALYSIS BY OXIDATIVE CLEAVAGE 


The oxidative cleavage of alkenes is a useful chemical method for organic structural analysis. 
We often have difficulty in assigning full structures to newly prepared large molecules or mole- 
cules isolated from natural sources. Our task is simplified if we can break these molecules into 
smaller units in a systematic manner. The oxidative cleavage reactions we have discussed in this 
chapter are useful for this purpose. 

If we are able to identify the fragment molecules of alkene oxidative cleavage reactions, we 
can piece the units together to reconstruct the original structure. Several examples of the recon- 
struction of original structures from ozonolysis fragments are illustrated in Figure 10.44. 


a) Ozonolysis with reductive work-up 


must have 


come from 
products 


b) Ozonolysis with oxidative work-up 


РОС > X 


must have 


come from 
products 


c) Ozonolysis of a cyclic alkene with reductive work-up 


must have H 
come from 


product 


FicuRE 10.44 Reconstruction of starting material structures in alkene ozonolysis. We 
identify the oxidized carbon atoms (carbonyl or carboxylate carbon atoms) 
as the olefinic carbon atoms in the starting alkene; that is, oxidized carbon 
atoms were originally bound to each other by a double bond. 
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10.14 DEGREE OF UNSATURATION 


A common problem in organic chemistry is to assign a structure to a reaction product or to some 
material isolated from a plant or animal. Usually, the first step in assigning a structure is to deter- 
mine the molecular formula. The formula itself often reveals useful structural information. 

For example, all open-chain alkanes have the general formula C,,H2,,42, where n is an integer. 
On the other hand, both open-chain alkenes and monocyclic alkanes have the general formula 
C,,H2,. Each ring or double bond in a molecule reduces the number of hydrogen atoms present 
by two, compared to the open-chain alkane with the same number of carbon atoms. A triple bond 
reduces the number of hydrogen atoms by four from that expected for an open-chain alkane. 
These general rules are illustrated in Figure 10.45 for compounds containing three carbon atoms. 

Consider how we can apply this to deduce organic structures. Suppose we find that an 
unknown compound has a formula of СН». Since an open-chain alkane with 12 carbon atoms 
would have 26 hydrogen atoms (2n + 2, where n = 12), we can quickly deduce the possible struc- 
tural features of the compound. It must contain one of the following: one triple bond; two double 
bonds; two rings; or one ring and one double bond. We say that this compound has two degrees 
of unsaturation. From the molecular formula we know the possible structural features of the 
molecule. 

How do we then distinguish a double bond from a ring? The answer to this question is usu- 
ally straightforward, since double bonds undergo addition reactions whereas alkane rings do not. 
For example, suppose our compound of formula С Но» did not decolorize bromine or potassium 
permanganate, nor react with hydrogen in the presence of a catalyst. We could safely deduce that 
it contained two rings rather than any multiple bonds. 


Formulas Possible Structures Comments 
C3Hg СН;СН;СН; no rings, 
no double bonds 
-2 H 
Сане СНзСН =CH, one ring or 
one double bond 
-2 H 


two double bonds, 
C3H4 H,C=C=CH, H,C—C=C—H А опе triple bond, 

or one ring and 

one double bond 


FicunE 10.45 Analysis of rings and multiple bonds in three-carbon compounds based on 
the molecular formula. 
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If we measure the number of moles of bromine or hydrogen that add to a compound we can 
deduce the number of multiple bonds present. For example, suppose our СНз compound 
reacted with only one mole of hydrogen to give a compound of formula СН. We would then 
deduce that it contained one double bond and one ring. 

When atoms other than carbon and hydrogen are present, some modifications in our deduc- 
tive procedure are required: 


+ Oxygen atoms are ignored. That is, С5НзО is treated exactly like С5Нз. Two degrees of 
unsaturation are present. 


* For each halogen atom that is present we increase the number of hydrogen atoms by one 
before performing our analysis. For example, CsH3Br; is treated exactly like СН. Four 
degrees of unsaturation are present in each. 


* If nitrogen is present, we subtract one hydrogen from the number of hydrogens present 
before performing our analysis. For example, a compound of formula CsHsN is treated as 
being equivalent to СНА. Four degrees of unsaturation are present in each. 


10.15 PROTECTION OF ALKENES THROUGH 
HALOGEN ADDITION 


The design and use of protecting groups is an important theme in synthetic organic chemistry. 
The need for a protecting group often arises when we intend to perform a synthetic operation on 
just one of several functional groups in a molecule. A problem arises if the reagent we intend to 
use on one functional group is known to react with another functional group that is also present. 
One solution to our problem is to mask temporarily the functional group we wish to remain 
unchanged. We then perform the desired reaction of the functional group we wish to change, and 
finally we remove the mask from the group that we had protected. 

Since the olefinic linkage is reactive with a variety of reagents, we often need to protect it 
from these reagents when we perform transformations on other parts of the molecule. One way 
of protecting an olefinic linkage is by adding bromine to it in carbon tetrachloride solution. 
When the olefinic linkage is protected as the dibromide, we can perform the desired functional 
group modification in another part of the molecule. Finally, we regenerate the olefinic linkage 
by treating the dibromide with either zinc (in an alcohol or acetic acid solvent) or with iodide 
ion. An example of this procedure is shown in Figure 10.46. 

Using either of the reagents (zinc or iodide), we regenerate the olefinic linkage with the same 
geometry it had prior to halogenation. The dehalogenation process proceeds with anti stereo- 
chemistry, as does the halogen addition reaction. The dehalogenation reaction proceeds in a 
single step, as is illustrated in Figure 10.47. 


* The carbon-carbon double bond of an alkene undergoes a variety of addition reactions 
that leave each of the olefinic carbons tetracoordinated. 


* The alkene linkage is a site of unsaturation. Addition reactions cause it to become saturated. 
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Br 
— Br, 
-------> 
ССІ, 
ОН Вг он 


KMnO,, КОН 
H,O 
(acid work-up 


Br 
—— KI 
Br 
COOH COOH 


FicunE 10.46 Use of halogenation for protection of a double bond. We wish to oxidize 
the primary alcohol site of the starting material to a carboxyl group using 
potassium permanganate. To do so we must first mask the double bond. 
Once the double bond has been saturated by halogenation, it is no longer 
susceptible to attack by the oxidizing agent. After the oxidation of the 
alcohol has been performed, the olefinic linkage is regenerated. 


Br 
С. бы 
н | . 
СН; 
І-Вг 


FicuRE 10.47 Dehalogenation of a vicinal dibromide with iodide ion. 


* Addition reactions of alkenes have both regiochemical and stereochemical consequences. 


* The carbon-carbon addition reactions can be stereochemically syn or anti. We determine 
the stereochemistry of a given addition reaction through the examination of the products 
formed from suitably substituted alkenes. 

* Additions may be regiochemically Markovnikov or anti-Markovnikov. We again can 
determine the course of a given reaction by looking at the products formed from suitably 
substituted alkenes. 
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* The major addition reactions of alkenes can be summarized as follows: 


62 
~ 


Hydrogenation (ог reduction)—the addition of the elements of а hydrogen тоје- 
cule across the double bond, usually by syn addition. 

Halogenation—the addition of the elements of a halogen molecule across the dou- 
ble bond; bromine always adds anti. 

Halohydrin formation—the addition of the elements of HO-X across the double 
bond; stereochemistry is mixed; HO- adds to the carbon atom yielding the more 
stable carbocation. 

Hydration—the addition of the elements of water across the double bond; direct 
addition proceeds with Markovnikov regiochemistry. 

B-Haloether formation—the addition of the elements of X-OR across the double 
bond; is like halohydrin formation. 

Hydrohalogenation—the addition of the elements of a hydrogen halide across the 
double bond; Markovnikov regiochemistry is observed unless HBr is added in the 
presence of radicals, upon which anti-Markovnikov regiochemistry is observed. 
Hydroxylation—the addition of the elements of hydrogen peroxide (HOOH) across 
the double bond; syn or anti addition depends on the reagents used. 


* Several routes are available for the accomplishment of most of these addition reactions. 
Each route has particular characteristics with regard to stereochemistry and regiochem- 
istry. By choosing one route rather than another, we can control the outcome of the 
synthetic procedure. 


* Another type of reaction of the carbon-carbon double bond is oxidative cleavage. In this 
type of reaction both the т and the o bonds of the double bond are broken. Each of the 
original olefinic carbon atoms (originally bound to each other) is doubly bound to an oxy- 
gen in the product(s). These reactions are of use not only for synthesis of new materials, 
but also for purposes of structural analysis. 


Terms to Remember 


addition reactions 

oxidative cleavage reactions 
electrophile 

electrophilic addition 

syn addition 

anti addition 

prochiral 

stereoselective reaction 
stereospecific reaction 
nonstereospecific reaction 


hydrogenation 
heterogeneous catalysts 
homogeneous catalysts 

heat of hydrogenation 

steric repulsion 

bromohydrin 

regioselectivity 

Markovnikov orientation 
anti-Markovnikov orientation 
transition state 


activation energy 

rate constant 

activated complex 
Hammond postulate 
hydration 
oxymercuration 
demercuration 
hydroboration/oxidation 
hydroxylation 
ozonolysis 
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Reactions of Synthetic Utility 


\ / catalyst | | 
19. C=C + H, -->- =—C—C— 

Жел | | 

H 
polar solvent | | 

20. C=C + H-X ------5- -ç ç- 
X 
X = Е, Cl, Br, I; Markovnikov orientation 
\ / peroxides | | 
21. ла + Н-Вг ——> иж а 
Вг 
anti-Markovnikov orientation 
X 
С; ССІ, | | 
22, C=C + X, -» -с-с- 
/ | | 
X - Br, Cl; anti addition 
OH 
A H,O | | 
23. C=C + X, — — С 
/ 


OR 
a, E. ROH | | 
« C=C + X, даи. ен 
Я АХ | | 
X = Br, Cl; X goes to less highly substituted carbon; anti addition 
[OT Zn CH,CO)H ко 
25. —C—C— — с=с 
| | 
Í ИА 


Х = Вг, Cl 


26. 


27. 


28. 


29. 


30. 


31. 


33. 
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HO OH 
\ /  KMn0,, KOH 
соб —с—с— 
/ \ | | 


syn addition 


V / | KMnO, КОН 
| а“ ----------- Уо Y 


heat 
HO OH 
A. x 1. Os Ол | 
С=С CC 
Z X 2. NaHS0, | | 
syn addition 
\ / HCOOH | н 
с=с — > —С—С— 
/ \ H,0,, H,O HO 
anti addition 
\ / 1. BH; | он 
с=с с ж ——— = C — C — 
д X 2. Н,О,, КОН H 


anti-Markovnikov orientation, syn addition 


1. BH | | 
ER. 3 e cow 
/ 2. X3, NAOCH;, HOCH; 1 d 


X —CI, Br; anti-Markovnikov orientation 


1.ВН | | 
180. ыы 
\ 2. CH; COOH = 
\ / НО, acid | | 
pen ec 
\ H H 


Markovnikov orientation; rearrangement possible 
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OH 
34, \ / 1. Hg(O, ССИ)», НО 
C=C 


a ее 
y X 2. Na BH4/ OH 


Markovnikov orientation 


X. Y 1.0 
Е a 2. Zn, CH3 СО, Н но on 
М r9 
36. C= n ы y-o о 
ГА \ 2.H,O + 
н H ana HO OH 


The reaction map provided here is the last that will be included in the text. Students are advised 
to make their own map for future chapters, adding to that provided here. 


Ketone 
27,35,36 
6,7 
10,11,13 
5 9,12 
Phosphate Ester <————__ Alcohol — — — * Carboxylic Acid 


8,9,10,12,13 


9,12 


1,2 
T Aldehyde 
35 
18,255 Alkene a= 
Haloalkane a ji 


Alkane 


Problem 10.1 


At times we can not immediately distinguish between syn and anti addition even by 
working with cyclic compounds. Explain why a study of the reaction of cyclohexene with 
hydrogen to give cyclohexane could not distinguish whether the hydrogen addition 
occurred through a syn or anti route. Suggest a structure for an alkene that would allow 
us to distinguish between syn and anti addition of hydrogen. 


(answer) 


Problem 10.2 


Use drawings of the wedge type to deduce the expected products from the syn and anti 
addition of bromine to: 


a) trans-2-butene 
b) trans-2-pentene 
с) cis-2-pentene 


(answer) 


Problem 10.3 


The syn addition of hydrogen to cis-3,4-dimethyl-3-hexene produces a single meso 
compound. However, syn addition of hydrogen to trans-3,4-dimethyl-3-hexene produces 
a racemic mixture of an enantiomeric pair. Give the structure and complete name of each 
of these products. 


(answer) 


Problem 10.4 


Would you expect to measure different heats of hydrogenation for 1-pentene depending 
on whether a heterogeneous catalyst or a homogeneous catalyst were used? Explain your 
answer. 


(answer) 


Problem 10.5 


The heat of hydrogenation of 1-butene (30.0 kcal/mole) is larger than that of either cis-2- 
butene or trans-2-butene. Similarly, the heat of hydrogenation of 1-pentene is larger than 
that of either cis-2-pentene or trans-2-pentene. What do these observations suggest about 
the relative stabilities of monosubstituted alkenes and disubstituted alkenes? 


(answer) 


Problem 10.6 


The difference between the heat of hydrogenation of 1-butene and trans-2-butene is 2.4 
kcal/mole. Their heats of combustion (the heat liberated when they react completely with 
oxygen to generate carbon dioxide and water) also differ by this amount. Is this a 
coincidence, or is it to be expected? Explain your answer. 


(answer) 


Problem 10.7 


The heats of hydrogenation of cis-cycloóctene and trans-cycloóctene differ by almost 
10.0 kcal/mole. Which has the most exothermic heat of hydrogenation? Explain your 
answer. 


(answer) 


Problem 10.8 


Using bond dissociation energies (Table 7.1) and assuming the л bond energy of ethylene 
to be 64 kcal/mole, calculate АН” of reaction for the addition of each of the following to 
ethylene: 


a) F, 
b) Cl, 
с) Вг? 
а) Ip 


Assuming that reactivities follow the same order as АН” of reaction, which halogen is 
expected to be the most and which the least reactive in this reaction? 


(answer) 


Problem 10.9 


Consider the attack of bromide ion on the two available carbons of the bromonium ion 
formed from cis-2-hexene. Use stereochemical drawings to show the stereoisomers 
formed. Name the products with their stereochemical descriptors. 


(answer) 


Problem 10.10 


Write a complete mechanism for the formation of a B-bromoether by the reaction of an 
alkene with bromine in methanol solution. 


(answer) 


Problem 10.11 


Consider the reaction of 1-решепе and that of cis-2-pentene with hydrogen in the 
presence of a homogeneous hydrogenation catalyst (e.g., [(CcH5);P];RhCI - Wilkinson 
catalyst). The product in each reaction is the same, pentane. Explain why we can not use 
a measurement of the rate of reaction (value of k) of each starting alkene to determine the 
activation energy for each reduction. 


(answer) 


Problem 10.12 


1-Propanol can be dehydrated to prepare propene by treatment with hot sulfuric acid. 
Treatment of the propene with cold, concentrated sulfuric acid yields compound A of 
formula C3HgSO4. When А is treated with water, compound B, which is an isomer of 1- 
propanol, is formed. Give structures for A and B and explain these results. 


(answer) 


Problem 10.13 


Explain why it is not possible to manufacture isobutyl alcohol by the method of treating 
an alkene with cold, concentrated sulfuric acid followed by hydrolysis of the intermediate 
species. 


(answer) 


Problem 10.14 


You have performed a synthesis of hexane by the catalytic hydrogenation of 1-hexene. 
You suspect that there are traces of 1-hexene remaining in the product. Experimentally, 
how would you proceed to remove the traces of the alkene from the product alkane? 


(answer) 


Problem 10.15 


Predict the major product(s) to be expected on application of the hydroboration/oxidation 
procedure to each of the following: 


a) 2-methyl- 1 -butene 

b) 2-methyl-2-butene 

с) 1,2-dimethylcyclopentene 
d) (Z)-3-methyl-2-pentene 


(answer) 


Problem 10.16 


Specify the two-step sequence of reactions needed to convert methylpropene into each of 
the following: 


a) (CH3),CDCH; 
b) (CH3)2CHCH2D 


(answer) 


Problem 10.17 

Write the structure, paying particular attention to stereochemistry where pertinent, for the 
diols produced by treatment of each of the following alkenes with osmium tetroxide 
followed by workup with aqueous sodium bisulfite. 

a) cycloóctene 

b) cis-2-butene 


с) trans-2-butene 


(answer) 


Problem 10.18 


Figure 10.38 shows the formation of one enantiomer of cyclohexane-1,2-diol. Use the 
curved-arrow formalism to show the formation of the other enantiomer. 


(answer) 


Problem 10.19 


What is the stereochemical relationship of the product of permanganate hydroxylation of 
cyclohexene to that formed using peroxyformic acid? 


(answer) 


Problem 10.20 


Chain-termination steps other than those shown in Figure 10.40 are possible in the free 
radical addition of HBr to alkenes. Give three other chain-termination steps possible for 
this system. 


(answer) 


Problem 10.21 


Give the structure of the major product upon reaction of 1-methylcyclohexene with HBr 
under each of the following conditions: 


a) in acetic acid 
b) in diethyl ether with added benzoyl peroxide 


(answer) 


Problem 10.22 


Give the structure of the compound that will yield the given set of products following 
ozonolysis and work-up with zinc and acetic acid. 


a) CH3CHO and H,CO 
b) cyclobutanone and СНЗСНО 
с) propanone and СНЗСНЖСНО 


(answer) 


Problem 10.23 


When either (Е)- or (Z)-2,11-dimethyl-2,6,10-dodecatriene is ozonized and worked-up 
under oxidative conditions, two products are obtained in a 1:1 molar ratio. Give the 
structures of these two products. (Note: The prefix dodeca- signifies 12 carbon atoms.) 


(answer) 


Problem 10.24 


Predict the products of ozonolysis and reductive work-up for each of the following 
alkenes: 


= 


а) 


b) 


с) 
(СН з), CHCH=CHCH, CH-C(CH з), 


(answer) 


Problem 10.25 


Reconstruct the original alkene structures for each of the following sets of products of 
ozonolysis with reductive work-up: 


a) 
| > +  CH,CH,CH,CHO 


ђ) | 
О 
с) О О 
H 
d) 


O O О 0 from а C44 compound; 
PP + p wee give all possibilities 
e) О 


О 
| | from Су; Hyg 


(answer) 


Problem 10.26 


Calculate the degree of unsaturation for each of the following: 


a) 
b) 
с) 
d) 
e) 
f) 


CsHi4 
СоНоВг 
СВМ 
C,H;OBr 
CioHgBrN 


CsH6Br2 


(answer) 


Problem 10.27 


What are the possibilities for multiple bonds in a molecule of formula C10H16 if on 
catalytic hydrogenation it yields a compound of formula С Но? 


(answer) 


Problem 10.28 


One mole of a substance of formula С5Нв absorbs two moles of hydrogen on catalytic 
hydrogenation to yield methylbutane. Suggest a structure for the original compound. 


(answer) 


Problem 10.29 
How many isomers of the formula С5Н по can you find? Show structures and provide 


complete IUPAC names for each? (Hint: All structures have either one double bond or 
one ring.) 


(answer) 


Problem 10.30 


Give structures for the organic products of each of the following reactions. Make sure 
that any stereochemical features are clearly shown. 


a) 2-methyl-2-butene + bromine in carbon tetrachloride 
b) methylpropene + hydrogen/platinum 
с) meth ylpropene -- hydrogen iodide 


d) (Z)-2-pentene + mercuric acetate in water, followed by treatment with sodium 
borohydride 


e) (E)-3-methyl-2-pentene + borane-THF complex followed by alkaline hydrogen 
peroxide 


f) 3-ethyl-2-pentene treated with ozone and worked up with zinc and acetic acid 


g) 3-ethyl-2-pentene + hydrogen bromide with benzoyl peroxide 


h) 3-ethyl-2-pentene + cold, aqueous alkaline potassium permanganate 

1) cyclopentene treated with mercuric acetate in water, followed by treatment with 
sodium borohydride 

j cyclohexene treated with osmium tetroxide, followed by treatment with sodium 


bisulfite in water 


k) 1-methylcyclopentene + hydrogen iodide 


р (Z)-2-pentene + bromine in carbon tetrachloride 
m) 1,3-cyclohexadiene + hot aqueous potassium permanganate (acid work-up). 
n) 1,3-cyclohexadiene treated with ozone and worked-up with zinc and acetic acid 


(answer) 


Problem 10.31 


What reagent or combination of reagents should be used for each of the following 
conversions: 


a) cyclopentene into trans-cyclopentane-1,2-diol 
b) trans-2-butene into meso-2,3-butanediol 
с) cis-2-butene into meso-2,3-butanediol 


d) cyclobutene into НО-ССН-СН-СО-Н 

e) cyclobutene into OHCCH;CH;CHO 

f) cyclobutene into cis-cyclobutane-1,2-diol 

g) 1-ethylcyclopentene into 1-ethylcyclopentanol 
h) 1-ethylcyclopentene into 2-ethylcyclopentanol 
1) 1-bromohexane into 1-hexene 

j) 2,3-dimethyl-2-butene into propanone 


(answer) 


Problem 10.32 


Which alkene, 2,3-dimethyl-2-butene or trans-2-butene, is expected to have the smaller 
activation energy for reaction with an acid (Н?) to form a carbocation? Explain your 
answer. 


(answer) 


Problem 10.33 


Which alkene, (Е)-2-решепе or (Z)-2-pentene, is expected to have the smaller (less 
exothermic) heat of hydrogenation? Explain your answer. 


(answer) 


Problem 10.34 


Which alkene will give a mixture of (3$,4R)-3,4-heptanediol and its enantiomer on 
treatment with osmium tetroxide followed by work-up with aqueous sodium bisulfite? 


(answer) 


Problem 10.35 


Give the IUPAC name for the major product(s) obtained when (R)-3-methyl-1-pentene is 
treated with hydrogen bromide in the presence of benzoyl peroxide. 


(answer) 


Problem 10.36 


Show Fischer projections for the product(s) obtained by treating (£)-2-pentene with D» in 
the presence of a heterogeneous catalyst. 


(answer) 


Problem 10.37 


Show synthetic reactions that will bring about each of the following conversions. More 
than one step is required in most instances. 


a) 2-bromopropane to 1,2-dibromopropane 
b) bromocyclohexane to cyclohexanol 

с) 1-butanol to 2-butanol 

d) 1-butanol to 2-bromobutane 


e) bromocyclopentane to HO;C(CH5);CO;H 


f) cyclohexene to cyclohexanone 

g) 1-methylcyclohexene to 2-methylcyclohexanone 
h) 1-bromopentane to 2-iodopentane 

1) 3-bromopentane to 1-pentanol 


j 2-propanol to 1,2-propanediol 
k) 1-butene to CH3CH;CH;CO;H 
1) 1-butanol to CH;CH,CO,H 


(answer) 


Problem 10.38 


When 2-chloropropene reacts with hydrogen iodide, the product is 2-chloro-2- 
iodopropane. Show a resonance structure for the intermediate carbocation in which every 
atom (except for hydrogen) has a complete octet of electrons. Suggest a reason why the 
reaction occurs with the observed regiochemistry. That is, explain why 2-chloro-1- 
iodopropane is not formed. 


(answer) 


Problem 10.39 


Substance A of formula СЫН 12 yields equimolar quantities of two products shown below 
upon treatment with ozone and work-up with zinc and acetic acid. What is the structure 
of A? 


О О 
| 


С 
Н.С” ~CH,CH, H^ сн, 


(answer) 


Problem 10.40 


Name a bromoalkane that will yield 4-ethyl-1-hexene and no other alkenes upon 
treatment with a strong base. 


(answer) 


Problem 10.41 
When methylpropene is treated with BrCl, 1-bromo-2-chloro-2-methylpropane is 


obtained. Which halogen, Br or Cl, must add first to the alkene? How do you know? 
Rationalize your conclusion and show a complete mechanism for the reaction. 


(answer) 


Problem 10.42 


Assuming the strength of the x bond of ethylene is 65 kcal/mole, calculate АН” for the 
reaction of ethylene with I-Br, given that the bond dissociation energy for the I-Br bond 
is 43 kcal/mole. Considering the information in Problem 10.41, what product do you 
expect from the reaction of methylpropene with I-Br? (Hint: You will need to refer to 


Table 7.1) 


(answer) 


Problem 10.43 


Alcohols can add to bromonium ions to form B-bromoethers. In light of this observation, 
deduce the structure of a six-membered cyclic compound, СН зОВг, that is produced 
when (Е)-5-һерѓеп- 1-01 reacts with bromine in carbon tetrachloride solution. 


(answer) 


Problem 10.44 


Use reasoning similar to that needed in Problem 10.43 to deduce the structures of the 
cyclic products formed in each of the following reactions: 


a) (E)-5-hepten-1-ol is treated with hydrogen bromide to give a product that does not 
contain bromine. 


b) 4-penten-1-ol is treated with bromine. 


с) Н,С=СН-СН,-СН,-СО,Н is treated with sulfuric acid. 


(answer) 


Problem 10.45 


Alkene B, of formula C5Hio, reacts with hydrogen bromide to yield C. On treatment with 
base, C yields mainly D, an isomer of B. When D is ozonized and the ozonide is 
decomposed under oxidative conditions, a mixture of acetone and acetic acid is obtained. 
Give the structures of B, C and D? 


(answer) 


Problem 10.46 
Alcohol E, of formula С5Н120, can be oxidized to ketone Е. Dehydration of the alcohol 


yields an alkene G that on oxidation with hot aqueous basic permanganate yields a 
mixture of ketone H and carboxylic acid I. Suggest structures for compounds E-I. 


(answer) 


Problem 10.47 


One mole of substance J of formula Си Но reacts with two moles of hydrogen under 
catalytic conditions. On oxidation of J with hot aqueous basic permanganate, a mixture 
of butanone [CH3C(O)CH2CHs], propanone, and succinic acid [HO2C-CH2CH2-CO2H] is 
obtained. What is the structure of J? 


(answer) 


Problem 10.48 


Addition of a proton to an alkene generates a carbocation. Although the carbocation 
usually undergoes an addition reaction with a nucleophile, it sometimes acts as a 
Brgnsted acid to donate a proton. When it does donate a proton to a Brgnsted base, an 
alkene is formed. That is, the initial protonation is reversible. Use this fact to rationalize 
the observation that cis-2-butene is partially isomerized to trans-2-butene on treatment 
with acid. If the process is allowed to continue until equilibrium is obtained, which 
alkene will dominate the equilibrium mixture? Explain your prediction. 


(answer) 


Problem 10.49 


An alkene of formula СН оо yields the same product when treated with HBr in the 
presence or absence of benzoyl peroxide. Suggest a structure for the alkene. 


(answer) 


Problem 10.50 


An unknown substance of formula СлоН 12 is known to contain double bonds. What is the 
maximum number of double bonds that could be present in this compound? When 6.6 
grams of the compound is treated with an excess of bromine in carbon tetrachloride, 
approximately 22.5 grams of a bromine-containing organic compound is isolable from 
the reaction mixture. On this basis, how many double bonds would you say are present in 
the compound? 


(answer) 


Problem 10.51 


Substance К of formula C 15Н26 is treated with ozone and worked-up under reductive 
conditions. A mixture of acetone, 2-butanone, and biacetyl [CH3;C(O)C(O)CH з] is 
obtained from the reaction mixture. The number of moles of biacetyl is found to be twice 
that of each of the other products. Suggest a structure for K that is consistent with these 
observations. 


(answer) 


Problem 10.52 


Alkoxy radicals (КО? react with carbon tetrabromide to form ROBr and ‘CBr3. Write a 
complete mechanism for the production of 1,1,1,3-tetrabromononane from 1-осіепе and 
carbon tetrabromide upon heating in the presence of an organic peroxide (RO-OR). 
Explain why this reaction has the observed regiospecificity with the tribromomethyl 
group at the end of the chain. 


(answer) 


Problem 10.53 
Alkenes sometimes react with carbocations. Suggest a mechanism by which a mixture of 


2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl-2-pentene arises when methylpropene is 
heated with 60% sulfuric acid. 


(answer) 


Problem 10.54 


In light of your answer to Problem 10.53, suggest a likely structure for a cyclic product, 
Ср that is produced when 3,7-dimethyl-2,6-octadiene is heated with sulfuric acid. 


(answer) 


10.1-answer 


With cyclohexane, that would be formed from the addition of hydrogen to cyclohexene, 
one would not be able to distinguish the hydrogens already present on the original 
olefinic carbon sites from those that were added in the reduction. One would need to have 
the substituents present initially be distinguishable from those added in the reduction. 
One could use 1,2--dimethylcyclohexene for such a determination (methyl groups rather 
than hydrogens being present initially on the olefinic carbon sites and the formation of 
1,2-dimethylcyclohexane, for which cis and trans isomers are readily distingushable. 


H 
H 

CH; H, 

» Н.С 

Н.С 3 
H,C 
CH, catalyst H 3 
Or 
CH, H 
cis from syn trans from anti 


(actually formed) 


10.2-answer 


syn syn anti anti 


a) 


b) 


c) 


10.3-answer 


from cis-3,4-dimethyl-3-hexene 


сн,сн; 


сн,сн; 


(3 R,4S)-3,4-dimethylhexane 
from trans -3,4-dimethyl-3-hexene 


CH; СН,“ 
CH, CH, 


(3R,4R)-3,4-dimethylhexane (35,48 )-3,4-dimethylhexane 


10.4-answer 


No. We would expect the same determination of heat of hydrogenation no matter what 
type of catalyst were used. A true catalyst is unchanged in a reaction. It simply facilitates 
attainment of equilibrium and does not change the energies of reactants or products. It 
only changes the energy of activation (and thereby the rate of attainment of equilibrium). 
With energies of reactants and products unchanged, the difference between them must 
remain the same and thereby the heat of hydrogenation will remain the same no matter 
what catalyst is used. 


10.5-answer 


From these data we understand that the terminal (monosubstituted) alkenes are less 
stabilized than are their internal (more highly substituted) isomers, other factors being 
equal. This is an experimentally observable situation. Our rationalization of this 
observation is taken up in the section "Molecular Orbital Analysis - Alkene 
Stabilization" following in the text. 


10.6-answer 


This is not a coincidence. With heats of combustion we are again taking the same starting 
materials and converting each to the same products (carbon dioxide and water). The 
energies of the products are the same in each instance, and the energies of the starting 
materials are the same as they were for the hydrogenation experiment. Since these 
correlations are present, the difference in energy liberated by the two starting materials 
should be exhibited to be the same in the two experiments. 


10.7 -answer 


The trans-cycloóctene has the greater heat of hydrogenation. Both compounds lead to 
cycloóctane on hydrogenation. Therefore, the starting material which is of the higher 
energy will liberate the greater amount of energy on conversion to the product 
(cycloóctane). In this instance the trans cycloalkene has the higher energy. 


10.8-answer 


We calculate the AH” of reaction by looking at the energies of the bonds that are broken 
and the energies of the bonds that are formed. 


Two bonds are broken in each reaction, the alkene x bond (-64 kcal/mole) and the 
halogen-halogen bond. From Table 7.1 we obtain these latter values as: 


Е-Е 38 kcal/mole 
СІ-СІ 58 kcal/mole 
Br-Br 46 kcal/mole 
I-I 36 kcal/mole 


The energy required for bond-breaking in each reaction system is thus: 


fluorination 102 kcal/mole 
chlorination 122 kcal/mole 
bromination 110 kcal/mole 
iodination 100 kcal/mole 


We now can calculate the energy released by the formation of new bonds. Two new 
carbon-halogen bonds are formed in each instance, and the energy release is as shown 
below for each type of halogen: 


fluorination 212 kcal/mole 
chlorination 163 kcal/mole 
bromination 138 kcal/mole 
iodination 107 kcal/mole 


We can now calculate AH” of reaction for each of the reactions. The differences between 
the bond making and the bond breaking are: 


fluorination -110 kcal/mole 
chlorination -41 kcal/mole 
bromination -28 kcal/mole 
iodination -7 kcal/mole 


In each instance AH” of reaction is negative and the reaction is exothermic and favorable. 
However, it is much more favorable for fluorination, and decreases in favorability as one 
moves down the periodic chart through chlorination, bromination, and iodination. 


10.9-answer 


3 
Br H H Br 
E y . Н 
Н Вг Вг 
H,C H, CH; 
(2 R,3R )-2,3-dibromopentane (2 S,3 S)-2,3-dibromopentane 
racemic mixture produced 
H, С 
И Вг Вг 
B H H 
r. CH, CH, Н.С 


(28,38 )-2,3-dibromopentane (2R,,3R)-2,3-dibromopentane 


10.10-answer 


10.11-answer 


Although the products are of the same energy, we can not assume here, owing to the 
structural differences in the starting materials, that the values of A are going to be the 
same for each. Measuring the rates will simply provide for us a relationship between the 
value of A for each and Ше E, for each, not simply the value of Е о. 


10.12-answer 


H, О$О;Н H, он 


C 
А С 
Н.С CH; H, Cr N CH; 
А В 
When propene reacts with sulfuric acid, protonation occurs to give the more stable of the 


possible carbocations, i.e., the 2-propylcation. Bisulfate anion adds to this carbocation to 
generate the compound A. When water is added, this is converted to 2-propanol, B. 


10.13-answer 


The alkene that one presumably would use to generate isobutyl alcohol is methylpropene 
(same carbon skeleton). Protonation of methylpropene on treatment with cold, 
concentrated sulfuric acid would occur at the terminal site of the alkene linkage 
generating an internal (3^) carbocation. This would lead ultimately to tert-butyl alcohol 
rather than isobutyl alcohol. 


10.14-answer 


To remove any remaining 1-hexene, cold, concentrated sulfuric acid should be added to 
the reaction mixture (after removal of the hydrogenation catalyst). The remaining 1- 
hexene will react with the sulfuric acid, and the sulfate ester so produced will dissolve in 
the sulfuric acid layer. The remaining purified hexane (lighter than the sulfuric acid) will 
float on the top of the solution and be removed easily via a separatory funnel. 


10.15-answer 


a) OH 
^x (racemic) 
b) 
HO 
> (racemic) 
c) 
H 
СНз : 
ва (гасепис) 
CH 
d) 3 
HO H 


Н... Сн; 
< (racemic) 


Н.С СН, СН; 


10.16-answer 


a) 
BD, CH, CH, СО, Н 
----- --------> (CH;),CDCH, 


BH, CH,CH,CO,D 
————9 39 =—— (СН;);СНСН,р 


= 
= 


10.17-answer 


a) 


b) 


c) 


HO OH 
meso 
HO OH 
meso 
H H 
Н.С CH; 
HO OH 


T an сн, гасетїс 


Н.С H 


10.18-answer 


2 
~ 


он, 


OH 


-H* 
B (њо) 


ОН 


10.19-answer 


The are diastereoisomers. The reaction with permanganate forms the meso compound and 
that with peroxyformic acid generates the racemic mixture. 


10.20-answer 
Br 

H, С. CHR 
Br 

H,C—CHR 


“Вг + -О-К 


> 


> 


Вг-О-К 


----- Н, СВг-СНЕ-СНЕ-СН,Вг 


Н, CBr-CHROR 


10.21-answer 


а) Н.С Вг 


b) 


Br (cis + trans) 


10.22-answer 


rinm 


a) 


10.23-answer 


HO,CCH,CH,COH | HO,CCH,CH,CO,H 


? 1 


N N N 
у ли ли 
ак ААА А eS 
-N N N 
` \ 


- 
\ 
\ 


| | 


(СНз) СЕО (СНз): С=О 


10.24-answer 


= 


a) 


b) 


10.25-answer 


a) 


b) 


c) 


d) 


e) 


x 70 ay 


10.26-answer 


a) 
b) 
с) 
4) 


е) 


2 degrees of unsaturation 
2 degrees of unsaturation 
3 degrees of unsaturation 
4 degrees of unsaturation 
7 degrees of unsaturation 


5 degrees of unsaturation 


10.27-answer 


The initial compound bears 3 degrees of unsaturation. Two of these are removed by 
hydrogenation. Thus, the original compound must either have two double bonds or one 


triple bond (in addition to a ring). 


10.28-answer 


)A - »— 


10.29-answer 


cyclopentane 


methylcyclobutane 


>, ethylcyclopropane 


1,1-dimethylcyclopropane 


cis-1,2-dimethylcyclopropane 


trans -1,2-dimethylcyclopropane 


racemic 


У ~ 1-pentene 


ИС Ж”. trans-2-pentene 
2 cis-2-pentene 
3-methyl-1-butene 


2-methyl-1-butene 


2-methyl-2-butene 


ree 


10.30-answer 


a) 


b) 


c) 


d) 


e) 


g) 


h) 


Br 


- racemic 


Br 


X 

HO : 

— racemic + LA racemic 
OH 


HO H 
Е г 4 ti 
H » CH, CH, enantiomer 
H,C CH; 


O 


CH;CHO + жым 

Вг 
Н : 
ЗА all 4 stereoisomers 


H 
HO OH 
i: С? t ti 
i - CH, CH, enantiomer 
Н.С CH; 


©- 


i) 
OH 
p ee 
OH 
W 
k) CH; 
X 
1) 
H 
Br: CH,CH, 
и + enantiomer 
H 
Br 


H,C 


m) 


HCOOH+ HO,CCH,CH,CH,CO,H 


n) 
HCOOH + HCOCH;CH;CH;CHO 


10.31-answer 


a) 


b) 


i) 
2) 


formic acid, hydrogen peroxide, water 

formic acid, hydrogen peroxide, water 

osmium tetroxide followed by sodium bisulfite in water 

ozone followed by work-up with hydrogen peroxide and water 
ozone followed by work-up with zinc and acetic acid 

osmium tetroxide followed by sodium bisulfite in water 

mercuric acetate in aqueous acid followed by sodium borohydride 
borane followed by hydrogen peroxide in water 

potassium fert-butoxide 


aqueous alkaline potassium permanganate 


10.32-answer 


The smaller activation energy will occur with the alkene that produces the more stable 
carbocation (Hammond postulate). With 2,3-dimethyl-2-butene, the resultant carbocation 
is tertiary with seven C-H bonds (with filled o bonding molecular orbitals) at adjacent 
carbon atoms to provide stabilization of the resultant carbocation. With trans-2-butene 
there will be only five such adjacent C-H bonds (in the secondary carbocation). 
Therefore, 2,3-dimethyl-2-butene will have the smaller activation energy for reaction 
with the H*. 


10.33-answer 


Since both alkenes are being reduced to the same product, the smaller heat of 
hydrogenation will occur with the starting alkene of lower energy. For such open-chain 
systems, the (Е)- structures are of lower energy than the (Z)- structures owing to a lack of 
bumping of alkyl groups in a cis relationship. Therefore, (E)-2-pentene will exhibit the 
lower heat of hydrogenation. 


10.34-answer 


cis-3-heptene 


10.35-answer 


(R)-3-methyl- 1 -bromopentane 


10.36-answer 


10.37-answer 


a) 


b) 


с) 


d) 


е) 


9) 


h) 


i) 


2) 


К) 


ђ 


1 - potassium fert-butoxide 
2 - bromine in CCl, 


1 - potassium fert-butoxide 
2 - mercuric acetate in aqueous acid followed by sodium borohydride 


1 - phosphorus tribromide 
2 - potassium fert-butoxide 
3 - mercuric acetate in aqueous acid followed by sodium borohydride 


1 - phosphorus tribromide 

2 - potassium fert-butoxide 

3 - mercuric acetate in aqueous acid followed by sodium borohydride 
4 - phosphorus tribromide 


1 - potassium fert-butoxide 
2 - ozone followed by work-up with aqueous hydrogen peroxide 


1 - mercuric acetate in aqueous acid followed by sodium borohydride 
2 - potassium permanganate in aqueous base 


1 - borane followed by hydrogen peroxide in aqueous base 
2 - potassium permanganate in aqueous base 


1 - potassium fert-butoxide 
2 - mercuric acetate in aqueous acid followed by sodium borohydride 
3 - phosphorus triodide 


1 - potassium fert-butoxide 
2 - borane with heat followed by hydrogen peroxide in aqueous base 


1 - sulfuric acid 
2 - formic acid, hydrogen peroxide, water 


1 - borane followed by hydrogen peroxide in aqueous base 
2 - potassium permanganate in aqueous base worked-up with acid 


1 - potassium fert-butoxide 
2 - potassium permanganate in aqueous base, heated, worked up with acid 


10.38-answer 


C—Cl <—» СЕС] 


The structure on the right involves а full octet of electrons in the valence shell of every 
atom other than hydrogen. Protonation at the internal position of the alkene, which would 
ultimately lead to 2-chloro-1-iodopropane, would generate a primary carbocation with no 
particular stabilization. 


10.39-answer 


10.40-answer 


1-bromo-4-ethylhexane 


10.41-answer 


Br adds initially to the alkene. The second halogen to add will be located at the more 
highly substituted of the carbons of the original alkene. That is, the initially formed 
halonium ion will preferentially react at the site better stabilizing the charge, that being 
the more highly substituted or internal position. Since Cl ends up at that position, Br must 
add first, and ultimately be located at the terminal position. 


+ 
BrCl RE ) ова Д 
сы ИА CI 


10.42-answer 


АН? for the reaction is -14.5 kcal/mole 


Formation of 1-bromo-2-iodopropane is favored by approximately 0.5 kcal/mole. 


10.43-answer 


Br 


10.44-answer 


a) 


b) 


с) 


10.45-answer 


PY 


Br 
pu 


10.46-answer 


CH4,CO,H 


10.47-answer 


10.48-answer 


When cis-2-butene is protonated, the 2-butyl cation is generated. As an intermediate 
species, it has a lifetime sufficient to undergo rotation about the C2-C3 bond before 
giving up a proton to a Brgnsted base. When it does give up a proton to a Brgnsted base, 
the alkene that is generated will depend on the conformation in which the intermediate 
exists at the time of losing that proton. The two possible conformations of the cation from 
which a proton could be lost and an alkene generated are shown below with Newman 
projections. 


H 
H CH, С)  cis-2-butene 
H cH, 

H 
H CH, Су  trans-2-butene 


Н.С Ун 

Left to come to equilibrium, the alkene that will dominate is trans-2-butene. Not only is it 
thermodynamically favored (by about 1 kcal/mole) but the intermediate conformation 
leading to it is favored over that leading to cis-2-butene. 


10.49-answer 


The starting alkene must also have a ring (or another olefinic linkage - but we're 
considering a simple alkene here), and it must be symmetrical. Several possibilities exist 
meeting these criteria. Cyclohexene meets these criteria and yields a single product in 
either reaction. A series of monoalkenes exist that would yield a mixture of products, but 
the same mixture of products, in each of the two reactions. 


10.50-answer 
The maximum number of double bonds would be 5. 
Addition of 2 equivalent amounts of bromine (4 bromine atoms per molecule) would 


produce 22.6 grams of product of formula СоНо Вт. Thus, one would estimate that 2 
double bonds (or one triple bond) would be present in the compound. 


10.51-answer 


The structure shown below and its several geometric isomers (different cis/trans 
relationships about the double bonds) are possibilities for K. 


SS 


10.52-answer 


‘CBr, + BAO ар шыч ай — Br; OL AFL Ж 


“СВг; 


The reaction proceeds to produce the more highly stabilized of the possible free radicals; 
the secondary free radical, as shown, is more highly stabilized than a primary free radical 
(the other possibility). 


10.54-answer 


CARBON-HALOGEN AND 
CARBON-METAL BONDS: TWO 
EXTREMES OF POLARITY 


11.1 INTRODUCTION 


The electronegativity (ability to attract an electron pair in a bond) of a carbon atom is 
intermediate between the two extremes of the halogens (high electronegativity) and the metals 
(low electronegativity). As a result, carbon forms polar bonds both to metals and to halogens. 
The carbon atom can be either the negative or the positive end of the bond dipole, as shown in 
Figure 11.1. 

The polarities of these bonds make possible a wide range of useful reactions of organic 
compounds. In general terms, the carbon atom of a carbon-halogen bond is electrophilic (electron- 
deficient) and is susceptible to attack by nucleophiles (electron-rich species). By contrast, the 
carbon atom involved in a carbon-metal bond is electron rich; it can function as a nucleophile (and 
as a base) under the appropriate circumstances. 

Haloalkanes constitute a particularly useful class of organic compounds. The halogen atom 
of a haloalkane is attached to an sp? hybridized carbon atom. For the present we will focus our 
attention on only this type of halogen containing organic compound. Compounds containing a 
halogen attached to an sp? or sp hybridized carbon at times have very different reactivities com- 
pared with the haloalkanes. 

We refer to compounds containing a carbon-metal bond as organometallic compounds, or 
simply as organometallics. They also are useful reagents. However, it is often necessary to use 
special handling techniques because of their high reactivity with moisture and/or air. Many must 
be made in situ. Some are available commercially in special bottles that contain a solution of the 
organometallic and are sealed from the air by a rubber septum. A dry, nitrogen-flushed syringe 
is used to withdraw a portion of the solution. This portion is then injected into a suitable reac- 
tion vessel, again through a rubber septum. 
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6+ 5- 6- ô+ 


C——X: C metal 

FigurE 11.1 Polarities of carbon-halogen and carbon-metal bonds. In bonding to 
halogens, carbon is the positive end of the bond dipole. However, in bonding 
to metals, carbon is the negative end of the bond dipole. 


11.2 PREPARATION OF HALOALKANES 


We have previously surveyed several approaches for the preparation of haloalkanes from alcohols 
and from alkenes. Let us review these methods and reexamine some in more detail. 


HYDROGEN HALIDES WITH ALCOHOLS 


In Chapter 7 we considered the preparation of haloalkanes by the reaction of alcohols with 
hydrogen halides. Reaction occurs by different mechanisms, depending on the nature of the 
alcohol. In each of these instances, the alcohol is initially protonated by the acid. The protonated 
hydroxyl group is then replaced by a halide ion. If the alcohol is methanol or a primary alcohol, 
replacement occurs through a direct displacement reaction as shown in Equation 11.1. 


:Br: 


CH3(CH))19 СН, —OH ------> СНЗ(СН)) 10 CH,— оп, 


1-dodecanol | 


CH3(CH)) 190CH2 = Br : + H,0 


88% yield 
1-bromododecane (Eq. 11.1) 


If the alcohol is not methanol or a primary alcohol, a carbocation is presumed to form by 
loss of water from the initially formed oxonium ion. The carbocation then combines with a 
halide ion to give the haloalkane product as shown in Equation 11.2. 

Combination of a carbocation with chloride ion can occur equally well at each of its faces, 
leading to a racemic product if the original hydroxyl is at a stereogenic carbon atom. As usual, 
we must be alert to the possibility of rearrangements occurring in reactions that involve carbo- 
cation intermediates. Indeed, rearrangements are quite common in reactions of many secondary 
alcohols with hydrogen halides. 
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СЕ қ :Cl: 7 7% 


=== ж + HÖ 
(Eq. 11.2) 


HYDROGEN HALIDES WITH ALKENES 


Alkenes are also convenient precursors for haloalkanes (see Chapter 10). In good ion-solvating 
media, hydrogen halides add with a high degree of regioselectivity across the olefinic linkage. The 
halogen attaches preferentially at the more highly substituted of the olefinic carbons (Markovnikov 
addition). If we use hydrogen bromide under free radical reaction conditions the reaction remains 
regioselective. However, it produces the opposite orientation (anti-Markovnikov)—the bromine 
attaches at the less highly substituted of the olefinic carbons. Examples of these reactions are 
shown in Equation 11.3 and Equation 11.4. 


Br 


HB | 
CH,CH,CH,CH—CH, ——— —»  CH3CH;CH,;— CHCH} 
acetic acid 
1-pentene 84% yield 


2-bromopentane (Eq. 11.3) 


HBr 
CH3;CH,CH,CH=CH, —————————————-~>__ CHa3CH;CH;CH;CHoBr 
1-pentene СвН5 ^f -0-0 E — СвН5 96% yield 
О 1-bromopentane 
benzoyl peroxide (Eq. 11.4) 


ALCOHOLS WITH INORGANIC ACID HALIDES 


Phosphorus Halides Alcohols can react with phosphorus halides to give haloalkanes 
(Chapter 6). The hydroxyl group is replaced by the halide. An example is shown in Equation 11.5. 
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РІ; 
CH3CH,CH,CH,CH,0H — CH3CH,CH,CH,CHI + :Р(ОН)з 
1-pentanol 90% yield 
1-iodopentane (Eq. 11.5) 


By working with chiral alcohols, we find that this type of reaction proceeds with inversion 
of configuration at the carbinol carbon atom. For example, treating (S)-2-octanol with phospho- 
rus trichloride yields (R)-2-chlorooctane, as shown in Equation 11.6. We introduced the 
fundamental mechanism for this reaction in Chapter 6. We will now reexamine it in light of the 
observed inversion of configuration at the stereogenic carbon atom. 


CH3(CH5)5 (СН>)5СНз 
РСВ 
J—OH ----> СІ —{,, 
H3C У, “СН; 
Н Н 
94% yield 


(S)-2-octanol 99% optical purity 


(>99 % inversion) 
(R)-2-chlorooctanol (Eq. 11.6) 


We infer that the chloride ion approaches from the side opposite that of the leaving group 
since we observe inversion of configuration at the displacement site. Molecular orbital theory 
provides a rationalization of the observed stereochemistry of the reaction. 


Mechanism of Reaction 
Step 1 The alcohol first displaces a chloride from phosphorus. 


CH3(CH5)s cM bs CH3(CH2)5 H 


T .. 
2-ОН ple: = j—9-— PG 
H3C Ку m | НЗС У .. 2 
H H 


“СІ: E 
+ :C1:7 


Step 2 Chloride ion makes a nucleophilic attack, displacing НО-РСІ; as a leaving group. 


CH,(CH,, "Н (CH); CH; 
+ m m 
У тора, — :а—, 
E "S .. .. ” Н 
ca ВСИ ы н? 


+ HO—PCL 
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Molecular Orbital Analysis 


Consider the frontier molecular orbitals of the system. The chloride ion acts as a nucleophile, 
donating a pair of electrons from its HOMO, a full p orbital. The protonated ester acts as a Lewis 
acid, accepting the pair of electrons into an empty orbital (its LUMO). An energy diagram showing 
the HOMO-LUMO interaction is given in Figure 11.2. The reaction is entirely analogous to the 
reaction of halide ion with ethyloxonium ion, described in Chapter 5. 

The shapes of the interacting orbitals are shown in Figure 11.3. Since the larger lobe of the o* 
LUMO protrudes to the rear, attack from the back allows the most efficient interaction between the 
orbitals. 


Energy chloride HOMO product orbitals ester LUMO 
o* 
7 EXE 
РА рач 
/ 7 
/ / 
Ги 4 
Пее o / 
\ / 
% / 
/ 
vd 
% / 
6 


Ғісиве 11.2 Frontier orbital energy diagram for the reaction of chloride ion with the 
protonated ester formed from phosphorus trichloride and an alcohol. The 
starting orbitals are shown at each side of the diagram. The product orbitals 
are shown at the center. The filled p orbital of the chloride ion interacts with 
the empty c* orbital of the protonated ester to generate a new o/o* orbital 
pair for the product haloalkane. 


- > &e= 


filled p orbital 


of chloride ion empty o* orbital of 


C — O bond of ester 


FicuRE 11.3 Interacting orbitals іп the chloride attack on the intermediate species in the 
reaction of phosphorus trichloride with alcohols. The chloride approaches 
from the back to interact with the large lobe of the empty o* orbital. 
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Thionyl Chloride with Alcohols Thionyl chloride can also be used to convert 
alcohols to alkyl halides. Examples of this type of conversion are shown in Equation 11.7 and 
Equation 11.8. 

When the hydroxyl group of the alcohol is at a secondary stereogenic carbon atom, we 
observe different stereochemical results depending on the reaction conditions used. The reaction 
proceeds with retention of configuration at the hydroxyl carbon in ether solvents such as 
dioxane. An example is the formation of (R)-2-chlorobutane from (R)-2-butanol, as shown in 
Equation 11.9. The mechanism of the reaction is understood to proceed in three steps. 


SOCL 

CH4CH5CH5CH5CH5CH5CH5CH50H c ad 
3 2 2 2 2 2 2 2 heat, no 
1-octanol solvent 


CH3CH;CH;CH;CH;CH;CH;CH;CI 


80% yield 
1-chlorooctane (Eq. 11.7) 
OH soch с! 
———— 
pyridine 
cyclohexanol 95% yield 
chlorocyclohexane (Eq. 11.8) 
НЗС Н.С 
SOCL 
У он 3 Cl 
H^ не 
CH2CH3 @ CH,CH; 
O 
(R)-2-butanol ; 50% yield 
ЖАГ 7 96.5% optical purity 
p (>98 % retention) 
(R)-2-chlorobutane (Eq. 11.9) 


The use of other types of solvents leads to chloroalkanes of inverted configuration compared 
to the starting alcohol. Although pyridine is often used as the solvent, hexamethyl phosphoric 
triamide (HMPT) (11.1) results in better yields of product of higher optical purity. 
Unfortunately, HMPT is carcinogenic, so its use is limited to laboratories with strictly controlled 
handling facilities. 


O=P[N(CH3)213 
hexamethyl phosphoric triamide (HMPT) 
11.1 
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Mechanism of Reaction 


Setp 1 The alcohol first reacts with thionyl chloride to generate a chlorosulfite ester and hydrogen 
chloride. 


(a chlorosulfite ester) 


Step 2 On heating, the dioxane solvent attacks the chlorosulfite ester to form a further interme- 
diate. An inversion of configuration about the stereogenic site occurs in this step. 


Н.С 
9: 5:7 № 0х 6 
к. н“ қ я 
CH;CH; | 
a) 
CH; 
"TE + CI” + SO, 
_/ н 
CH;CH; 


Step 3 A chloride ion performs a nucleophilic displacement of dioxane. This reaction involves 
a second inversion about the stereogenic site—the two inversions result in a net retention 
of configuration at the stereogenic site. 
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Mechanism of Reaction 


Step 1 The chlorosulfite ester forms as noted previously. 

Step 2 Chloride ion, which is present in significant amount in HMPT (and in pyridine, but not 
in dioxane) from the initial reaction of thionyl chloride and the alcohol, performs a 
nucleophilic displacement reaction directly on the chlorosulfite ester. The HPMT and 
pyridine are able to support the existence of chloride ion, while dioxane can not do so. 


H3C CH 

"I 3 

QT OW ох о ж а-( ++ во, 
H` S^ “Нн 


One example of the use of this solvent is in the reaction of menthol with thionyl chloride, as 
shown in Equation 11.10. 


CH; CH; 
SOCL 
----- 
“OH HMPT а 
CH(CH3); CH(CH3), 
menthol 78% yield 


95.8% optical purity 
(>97% inversion) 
menthyl chloride (Eq. 11.10) 


In HMPT (and pyridine) the mechanism of the overall reaction has one fewer step than it 
does in dioxane. 

In HMPT (or pyridine) the chloroalkane forms with only one inversion of configuration at 
the stereogenic carbon atom (the site of displacement), yielding net inversion. In dioxane the 
amount of free chloride ion is negligible. The chloride ion from the initial reaction is present as 
hydrogen chloride, which does not dissociate to ions in the ether solvent. 


TRIPHENYLPHOSPHINE AND ТЕТВАНАШОМЕТНАМЕ 


The reagents we have discussed so far for converting alcohols to haloalkanes have all been 
acidic—they were either acids themselves or acid chloride derivatives of acids. Sometimes, the 
use of such acidic reagents is undesirable due to possible reactions with other functional groups. 
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Fortunately, there is an alternative to these reagents. An alcohol can be converted to a haloalkane 
under very mild conditions using triphenylphosphine (11.2) and tetrahalomethane. An example 
is shown in Equation 11.11. 


P: + CCl4 + СН» CH) СН, СН, ОН --------5- 
3 1-butanol 


triphenylphosphine 
11.2 
P—O + CHCl; + CH3CH,CH,CH),Cl 


99% yield 
triphenylphosphine oxide 1-chlorobutane 


11.3 (Eq. 11.11) 


The by-products of this reaction аге a haloform, CHX; (chloroform in this example) and 
triphenylphosphine oxide (11.3). 

With tetrabromomethane, the reaction leads cleanly to a bromoalkane, as shown in 
Equation 11.12. 


CH;—CHCH,0H 


све 
Р: + СВг4 + Q 
ы СН; 


1-methyl-4-(1-methyl-2-hydroxyethyl)cyclohexene 


CH4—CHCH,Br 


3 
CH; 


93% yield 
1-methyl-4-(1-methyl-2-bromoethyl)cyclohexene (Eq. 11.12) 
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Mechanism of Reaction 


Step 1 Triphenylphosphine performs a nucleophilic attack on chlorine, displacing the 
trichloromethyl anion. 


Z А + - 
(CgH3)3P: + Cl— CCl, ------ (СеНӘзР — + СС 
Step 2 The chlorophosphonium ion formed in Step 1 combines with the alcohol, bonding oxygen 


to phosphorus. 
CI 


t „ 
(CgHs)3P-Cl + R-O-H ә (СН5)зР 


СУ 1 о-в 
/ 
H 


Step 3 The trichloromethyl anion, acting as a base, removes a proton from the oxygen atom of 
the oxonium ion generating one of the by-products, chloroform. 


CI CI 
Ж = 
(Санав " *:CCl — (СН + HCCl, 
R SOR 
Ap a 
H 


Step 4 The neutral pentacoordinated phosphorus species produced in Step 3 undergoes 
dissociation to yield a chloride ion and a phosphonium ion in which one of the ligands 
is an alkoxy group. 

Cl 
Рај 
(СоН5)зР - ---- ž (CgH33P* —O —R + СГ 
^o R 


Step 5 Chloride ion performs a nucleophilic displacement reaction on the phosphonium ion at 
the carbon bound to oxygen to generate the product. 


(C;H3)4P* — 0 — RY + СЕ" — ——  (C4H34P—O + К-С 


When the hydroxyl group is at a secondary stereogenic center, the reaction proceeds with 
inversion of configuration, as shown in Equation 11.13. Numerous studies of this reaction have 
led to an understanding of the mechanism. 

Overall, the reaction causes inversion of configuration at the original stereogenic carbon 
atom of the alcohol. 
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CH3(CH5)s ССц (СН2)5СНз 
Ph3P 
ep ОН  ——— с——„ 
H* 65°С ^H 

СН; 4 hr СН; 
50% yield 
100% optical purity 
(100% inversion) (Eq. 11.13) 


We have now introduced numerous methods for the preparation of haloalkanes. They are 
summarized briefly in the following list: 


SUMMARY or METHODS FOR PREPARING HALOALKANES 


1. 


Alcohols with hydrogen halides. Overall, the halogen from the hydrogen halide replaces 
the hydroxyl group of the alcohol. With most secondary and tertiary alcohols, the 
reaction proceeds through a carbocation intermediate and the possibility of skeletal 
rearrangement exists. 


Alkenes with hydrogen halides. The elements of the hydrogen halide add across the carbon 
atoms of the alkene linkage. Under ionic conditions, the reaction is regiospecific giving 
Markovnikov orientation. With hydrogen bromide under free radical conditions anti- 
Markovnikov orientation results. 


Alcohols with phosphorus trihalides. Halogen from the phosphorus trihalide replaces the 
hydroxyl group of the alcohol. The reaction results in inversion of the configuration at 
the carbon atom bearing the hydroxyl group. 


Alcohols with thionyl chloride. Halogen from the thionyl chloride replaces the 
hydroxyl group of the alcohol. The reaction results in either inversion or retention of 
the configuration at the carbon atom bearing the hydroxyl group, depending on the 
reaction conditions chosen. 


Alcohols with triphenylphosphine and tetrahalomethane. A halogen from the tetra- 
halomethane replaces the hydroxyl group of the alcohol. The reaction results in inversion 
of the configuration at the carbon atom bearing the hydroxyl group. 


11.3 PROPERTIES OF HALOALKANES 


Haloalkanes are moderately polar molecules. The carbon-halogen bond is a polar covalent 
linkage. The carbon atom is at the positive (electron-deficient) end of the dipole, and the halogen 
end is electron-rich. 

The polarity of haloalkanes is similar to that of alcohols. Although there are some similarities 
in the physical properties of alcohols and haloalkanes, there are also significant differences. The 
solubitlities of the haloalkanes in water are significantly lower than those for alcohols of corre- 
sponding molecular weight. However, their solubility in hydrocarbon solvents is high. The main 
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reason for these differences is the ability of alcohols to participate in hydrogen bonding. For 
example, alcohols form hydrogen bonds with water, while haloalkanes do not. 

Hydrogen bonding is also responsible for the relatively high boiling temperatures of the 
alcohols. If we compare haloalkanes with alcohols of similar molecular weight, we find the 
haloalkanes to have significantly lower boiling temperatures. For example, while methanol 
(molecular weight 32) is a liquid under ambient conditions, chloromethane (molecular weight 
50.5 is a gas. Looking at van der Waals forces only, chloromethane would be expected to have 
a higher boiling temperature than methanol. However, alcohol molecules interact with each 
other through hydrogen bonds while haloalkanes do not. 

The halogen does have an effect on the density of the haloalkanes. All chloro-, bromo- and 
iodoalkanes have higher specific gravities than alcohols of corresponding molecular weight. 
Table 11.1 gives some relevant comparisons between alcohols and haloalkanes. 


Taste 11.1 Physical Data for Alcohols and Haloalkanes—All boiling temperatures аге 


given in ?C. 
Alkyl Alkyl Halide Alcohol 
Group 
Molecular Boiling Specific Molecular Boiling Specific 
X Weight Temperature Gravity Weight Temperature Gravity 
Methyl СІ 50:5 -24.2 0.916 52 64.7 (0:792 
Br 95 4 1:732 
I 142 42.2 2282 
Ethyl CI 64.5 ра 0.92 46 165 0.789 
Вг 109 38 1.43 
I 156 722 1:033 
n-Propyl Cl 785 46 0.892 60 OUR 0.804 
Br 123 yil 1:353 
It 170 102 1.947 
n-Butyl СІ Do 78 0.891 74 117-7 0.810 
Br 137 102 1.274 
І 184 130 1:617 
Isobutyl СІ 025 69 0.881 74 107.9 0.802 
Вг 157 90 1.260 
1 184 120 1.602 
tert-Butyl Cl 025 SI 0.851 74 82.5 0.789 
Br 137 73 1:202 
I 184 00 1.544 
sec-Butyl Cl 025 68 0.871 74 995 0.808 
Вг 137 oj 1:255 


I 184 120 16592 
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Many of the chemical properties of haloalkanes reflect the polarity of the carbon to halogen 
bond. An extremely important reaction type is nucleophilic substitution. Nucleophiles attack the 
carbon of the carbon-halogen bond, and the halogen is displaced as halide ion. Also, in Chapter 9, 
we introduced another important type of reaction for haloalkanes—elimination reactions, in which 
the elements of a hydrogen halide molecule are removed from the haloalkane by a suitable base, 
forming an alkene. The nucleophilic substitution reactions and elimination reactions that haloalka- 
nes undergo are of very great importance, and the whole of the next chapter (Chapter 12) will be 
devoted to an in-depth discussion of those reactions. 


11.4 NOMENCLATURE OF HALOALKANES 


The longest continuous chain of carbon atoms bearing the halogen provides the root hydrocar- 
bon name for simple haloalkanes. We indicate the position of the halogen by the number of the 
carbon atom to which it is attached. The chain is numbered from the end closest to the halogen 
substituent. Several examples are illustrated in Figure 11.4. 

For more complex molecules containing more than one functional group, the longest 
continuous chain containing the functional group of higher nomenclature priority provides the 
root name. Where possible, when more than one functional group is on the root chain, we 
number the chain so as to give a lower number to the group of higher nomenclature priority 
(Table 9.2). Several more examples of nomenclature are shown in Figure 11.5. 


ү: 

СН 
нұс” “сн; CH4CH;CHjBr 
2-bromopropane 1-bromopropane 
(isopropyl bromide) (n -propyl bromide) 

CI 
Br 
3-bromo-4-methylhexane 1-chloro-3,4-dimethylhexane 


(not 3-methyl-4-bromohexane) 


CI 


XC 


2-chloro-2-methylpentane 


Figure 11.4 Nomenclature of haloalkanes. The longest continuous chain bearing the 
halogen provides the parent name for the compound. 
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Br 
di өш Br 
OH 
1-bromo-2-butanol 3-(2-bromoethyl)-2-methyl-2-hexene 


OH 


CI 
3-chloro-4-methyl-4-penten-2-ol 


Figure 11.5 Nomenclature of haloalkanes (continued). The relative nomenclature priori- 
ties of the individual functional groups must be considered when naming 
complex molecules. Halides have a lower nomenclature priority than do 
alkene linkages, which in turn are of lower nomenclature priority than are 
alcohols. 


Special Topic 


Freons 
ССЦЕ CCLF, 


Freon 11 Freon 12 


The Freons are gaseous chlorofluoroalkanes. They were developed about seventy years ago as 
refrigerants to replace toxic materials such as ammonia and sulfur dioxide that had been used 
previously. More recently, freons have been widely used as propellants in aerosol cans. The Freons 
are extremely stable substances. Once they escape from a spray can, they do not decompose under 
ordinary circumstances, and therefore persist in the environment. 

Being gaseous, they diffuse slowly upward into the stratosphere, which lies 8-30 miles above the 
surface of the earth. Therein lies an environmental concern. In the middle of the stratosphere is a 
layer of ozone that helps shield the earth below from the harmful effect of solar ultraviolet radiation. 
(Ozone is a good absorber of ultraviolet radiation.) When Freons reach the stratosphere, they can 
undergo light-induced homolytic cleavage of a carbon-chlorine bond. 


:Cl: 
NE" h 2 = 
F—C—F: N БЕЧ Е—С—Е: + CI 
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The chlorine atoms produced in this reaction are highly reactive. They can react efficiently with 
the ozone molecules present in the stratosphere, destroying them in the process. It is predicted that 
over a period of time the ozone layer could become severely depleted. Concern has been expressed 
about "holes" in the ozone layer over the earth's poles. Environmental groups have called for the ban- 
ning of all Freon-based aerosol sprays to reduce the problem. (For further consideration of this topic, 
see the Special Topic “A free radical chain reaction of environmental concern" in Chapter 13.) 


Haloalkanes are classified as primary, secondary, or tertiary according to the nature of the 
carbon atom to which the halogen atom is attached (using exactly the same classification we 
used earlier for alcohols—Figure 6.1). 


11.5 ORGANOMETALLICS 


We consider haloalkanes and organometallics in the same chapter for two reasons. First, the 
haloalkanes are the usual starting materials for the preparation of the wide range of organometallic 
reagents. Second, there is a special relationship between haloalkanes and organometallics that is of 
great utility in devising syntheses of complex organic compounds. 

Carbon bound to a halogen in a haloalkane is electron deficient. However, once we convert 
the carbon-halogen bond to a carbon-metal bond, the carbon becomes electron rich. The elec- 
tronic nature of the involved carbon atom is thus reversed by a single reaction. This process has 
been a topic of great interest because it is highly useful in organic syntheses. We commonly use 
the German term umpolung (reversal of polarity) to describe the change that occurs. It leads to 
a profound change in chemistry. 


PREPARATION OF ORGANOMETALLICS FROM 
HALOALKANES: GRIGNARD REAGENTS 


Generally, we prepare organometallics by treating an ether solution of the appropriate 
haloalkane with a metal. The most widely used organometallics, the Grignard reagents, are 
prepared in this way. These materials were originally reported by the French chemist Victor 
Grignard in 1901 (he won the Nobel Prize for Chemistry in 1912). Since that time these reagents 
have been used in an extremely wide range of chemical conversions. 

A Grignard reagent is generally prepared by the reaction of a haloalkane with magnesium 
metal in an ether solvent, most commonly diethyl ether (11.4) or tetrahydrofuran (11.5). 


CH;CH,—O—CH,CH; Ó 
diethyl ether tetrahydrofuran 
11.4 11.5 


The solvent we use must contain unshared electron pairs to help stabilize the organometallic 
compound (Grignard reagent), but it cannot contain any electrophilic sites. (Organometallics react 
with electrophilic reagents.) The first requirement excludes hydrocarbons, and the second excludes 
all alcohols, all compounds containing the C=O linkage, and other compounds containing even 
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weakly acidic hydrogens. Ethers, however, serve admirably as solvents for Grignard reagents. An 
example of the formation of a Grignard reagent is shown in Equation 11.14. 


у (СНз CH); О E 
CH3CH,Br:+Mg — ————- CH3CH)MgBr: 
bromoethane ethylmagnesium bromide 
(“ethyl Grignard") (Eq. 11.14) 


Magnesium with a large surface area (magnesium turnings) is used to prepare Grignard 
reagents. The haloalkane is added slowly to magnesium that is covered by anhydrous ether. On 
gentle heating of the reaction mixture, formation of the Grignard reagent begins. The addition 
of the haloalkane is continued at a rate sufficient to maintain a mildly exothermic process. 
A crystal of iodine often helps to initiate the reaction. The presence of even a trace of moisture 
inhibits the Grignard-forming reaction. For this reason we must carefully dry all of the reagents 
and the glassware before starting the reaction. Moreover, we prevent atmospheric moisture and 
oxygen from disturbing the reaction by using a dry nitrogen atmosphere. The reactions occur- 
ring at the surface of the magnesium metal are quite complex. They appear to involve the 
formation of free radical species as intermediates. 

The use of a solvent with unshared valence level electron pairs, such as diethyl ether, appears 
to be necessary for the formation of the Grignard reagent. The solvent becomes complexed with 
the organometallic as it is generated and stabilizes the Grignard reagent. The structure of the 
Grignard reagent is complex and probably varies with the concentration of the reagent in solu- 
tion. When we write RMgX as the Grignard structure, we recognize that it represents only a 
stoichiometric relationship of the compounds used in the formation of reagent. It is not an exact 
representation of structure. Grignard reagents nevertheless behave much as we would expect an 
RMgxX structure to behave. In this type of structure, R represents a carbanion, a species with a 
negative charge on carbon, and MgX represents a positive counterion. In most instances we 
imagine that the Grignard reagent behaves as if it were К"МеХ“, although in actuality its struc- 
ture is much more complex, and there is considerable covalent character to the C-Mg bond. 

The Grignard reagent is strongly basic and strongly nucleophilic. It forms new bonds by 
bringing a pair of electrons to an electron-deficient center. General and specific examples of this 
reactivity are shown in Equations 11.15-11.19. 


General example of Grignard reagent acting as a base: 


Y-H 
В MgX'* — >  R-H-«MgXY 
Specific example 1: 
MgCl 


(СН5СН;),0 (СНз), СНОН 
---------- ————» 
Ме 


chlorocyclohexane 83% yield 
cyclohexane 


(Eq. 11.15) 
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Specific example 2: 
СН; Br T СН, Mg Br CH 
(CH3CH5); O = H,O : 
> ---- 
Mg 
bromomethylcyclohexane 94% yield 
methylcyclohexane 
(Eq. 11.16) 


General example of Grignard reagent entering into nucleophilic substitution reaction: 


у; 
В MgX'  — ——-  R-Y-«MgXY 


Specific example : 


(CH3CH550 L 
g 
1-chloro-3-methylbutane 
(CH3)2CHCH,CHylI 
80% yield 
1-iodo-3-methylbutane 
(Eq. 11.17) 


General example of Grignard reagent entering into nucleophilic addition reaction: 


> ај У aq. workup 
R` Mgxt ————- R о — R OH 
MgX* 


Specific example 1: 


O 
|| 
2. 7 E 
(CH3CH5)50 НЗС СН; 
CH3CH;Br -------> CH3CH,MgBr —————————> 
Mg aq. workup 
bromoethane OH 


80% yield 
2-methyl-2-butanol 


(Eq. 11.18) 
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Specific example 2: 
(СНҘСН,);0 CH; СНО 
СВ СВ,Вг > СНз CH,MgBr Ф ФФЫФҘҠ; 
Mg aq. workup 
bromoethane OH 
73% yield 
2-butanol 


(Eq. 11.19) 


Grignard reagents act as very strong bases, abstracting protons from even weak acids, as 
shown in Equations 11.15 and 11.16. The strongly basic character of Grignard reagents stems 
from the fact that they behave as a source of R:- ions. These ions are the conjugate bases of alka- 
nes, R-H. Alkanes are among the weakest of all acids (see Table 11.2), and correspondingly 
their conjugate bases are among the strongest of all bases. 

Grignard reagents act as nucleophiles in their attack on halogen molecules (Equation 11.17) and 
in their addition to a carbonyl group (Equations 11.18 and 11.19). We will explore the latter type of 
reaction in more detail later in this chapter (in the section “Organometallics as Nucleophiles”) and 
again in our discussion of carbonyl chemistry. 

In summary, the electron-rich carbon center in the Grignard reagent is a site of high reactivity. 
Grignard reagents are, in fact, far more basic and nucleophilic than the conjugate bases of many 
solvents. Since Grignard reagents will react with these solvents (e.g., water, ammonia, alcohols), 
they can not be used in Grignard-forming reactions. 


ALKYLLITHIUM REAGENTS 


Other organometallics can be prepared by the direct reaction of haloalkane with an electropositive 
metal. After the Grignard reagents, alkyllithium reagents are the most commonly used 
organometallics. A general method for the preparation of alkyllithium reagents is illustrated in 
Equation 11.20. 


Taste 11.2 pK, Values of Some Weak and Strong Acids—For each acid, the proton con- 


sidered is underlined. 


Acid pK, 
(СН-)СН, si 
CH;CH; 50 
СН, 48 
МН» 38 
CH;CH;OH 16 
OH, 15.74 
СНЗОН 1222 
H4N* 9.24 


H3O* =! 
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. (CH3CH)),0 " 
R-X: +2 Lr — C RLi + LiX: 
““ ог һехапе z 
(CH3CH)),0 


CH3CH,CH,CH,Br +2 Lr ———— CH3CH,CH,CH)Li + LiBr 


1-bromobutane butyllithium 
(Eq. 11.20) 


An inert atmosphere of argon is preferable to nitrogen for the preparation of alkyllithium 
reagents from lithium metal and haloalkanes, because lithium metal reacts with elemental nitro- 
gen at a significant rate. Alkyllithium reagents (unlike Grignards) do not require the stabilizing 
influence of an ether solvent. Hydrocarbon solvents can be used instead of ethers. Alkyllithium 
reagents exist in hydrocarbon solution as tetramers (four associated units), hexamers (six asso- 
ciated units), or even higher associated species. 

Like the Grignard reagents, the alkyllithium reagents react as carbanion sources, Кл“. 
Also, like the Grignard reagents, they react violently with even mildly acidic substances (e.g., 
water) to form hydrocarbons, as shown in Equation 11.21. 


CH3CH,CH,CH,Br: + НО — — — — —— | CH4CH;CH;CH, + ПОН 


1-bromobutane 100% yield 
butane (Eq. 11.21) 


Compared to the Grignard reagents, however, the alkyllithium reagents are significantly 
more reactive. The combination of two factors, the extremely high exothermic nature of the 
hydrolysis reaction and the volatility of the hydrocarbon product and solvent, make this a 
reagent system that must be handled with extreme care. 

Alkyllithium reagents, like Grignard reagents, can react as nucleophiles, as illustrated in 
Equation 11.22. (Compare with Equations 11.18 and 11.19 and see the later section of this 
chapter, “Organometallics as Nucleophiles,” for a detailed discussion.) 


| HO _CH,CH,CH,CH; 
CH5CH;CH,;CH,Li + — > 
-— (aqueous 
butyllithium workup) 
89% yield 
cyclohexanone 1-butylcyclohexanol 


(Eq. 11.22) 
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OTHER ORGANOMETALLICS 


Beside the Grignard reagents and the alkyllithium reagents, many other types of organometallics 
can be prepared. Some are prepared from the Grignard reagents or the alkyllithium reagents by 
means of a metal exchange reaction. We will meet some of these reagents and their special uses 
later in this chapter and elsewhere in this text. Basically, all of these reagents can behave as a 
source of R:~, a carbanion. However, their reactivities vary depending on Ше metal species and 
the solvent used. 


PROPERTIES OF ORGANOMETALLICS 


Each of the polar functional groups we have previously examined involved carbon attached to a 
more electronegative atom. In such instances carbon is the electron-deficient partner in the polar 
bond. In an organometallic, however, where the metal atom is significantly more electropositive 
than is the carbon atom, the linkage is extremely polar (but nevertheless still covalent), and the 
carbon atom is the negative end of the dipole, as shown in Figure 11.6. 


ORGANOMETALLICS AS BRONSTED BASES 


Organometallics act as a source of К:- and are therefore powerful bases (see Table 11.2), although 
their basicity does vary with the ionic nature of the carbon-metal bond. Most organometallics 
abstract protons readily from many types of organic and inorganic substances. An example of 
such a reaction is shown in Figure 11.7. 


= ô+ 


\ N 
„с-м ре „СГ M* =) „с-м 


Figure 11.6 Polarity in a carbon-metal bond. We can describe carbon-metal bonds as 
having a significant ionic character, as shown by the resonance-contributing 
forms on the left. 


CH4MgBr + СН;СН;ОН < СН, + CH,CH,OMgBr 
stronger stronger weaker weaker 
base acid acid base 
pK, = 16 pK, = 48 


Figure 11.7 Grignard reagent acting as a Bronsted base. As indicated by the рК, values 
listed in Table 11.2, methane is a much weaker acid than is ethanol. Therefore, 
the conjugate base of methane is a much stronger base than is the conjugate 
base of ethanol. The equilibrium lies extremely far to the right in this reaction. 
In fact, for all practical purposes, the reverse arrow is inoperative. 
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SYNTHETIC UTILITY OF ORGANOMETALLICS AS BASES 


As we have noted, organometallics abstract protons even from very weak acids. We can take 
advantage of this reactivity in several synthetically useful reactions. One simple illustration was 
given in Equation 11.6. This reaction type involves a reduction of the haloalkane (and oxidation 
of the magnesium), as shown in Figure 11.8. 

A general strategy for converting an alcohol to the corresponding alkane is shown in 
Figure 11.9. The alcohol and the haloalkane intermediate both have the polarity normally 
associated with bonds between carbon and more electronegative atoms. Once this polarity is 
reversed (umpolung) in the organometallic RMgBr, the carbon becomes carbanionic and can 
easily pick up a proton to yield the alkane. 

We can use this reaction type for the synthesis of alkanes with isotopes of hydrogen located 
at specific sites. For example, by using deuterium oxide (050) with a Grignard reagent, we can 
introduce a single deuterium atom (?H = D) where the halogen was originally located, as shown 
in Equation 11.23. 


1. Mg, (CH43CH5)550 
CH,CH,CH,CH,Cl — — — — — | CH3, CH) CH) CH) D 
2. DO 
95% yield 


(Eq. 11.23) 


1. Mg, (CH4CH5);0 
CH,—1 ---------- сн, 
2. HO 


Figure 11.8 Reduction of а haloalkane. Using the standard oxidation numbers of +I for 
hydrogen and -I for iodide, we calculate an oxidation number of -II for 
carbon in iodomethane. In methane the oxidation number for carbon is -ІМ. 
The reaction shown is therefore a reduction. Corrrespondingly, magnesium 
starts off with an oxidation number of zero and changes to +П by the end of 
the process. 


PBr3 Mg Н-О 
В ОН — R—Br --------” R—MgBr = R—H 
(CH4CH5),0 
ӧ+ ô- 6+ 6- ó- 6- ó- 6- 
| | | | 
—C—OH ———- —C-—Br — | —C— MgBr —C—H 
| | umpolung | | 


Figure 11.9 Overall reduction of an alcohol to an alkane. Alcohols can be converted to 
haloalkanes using a variety of reagents. When we use the haloalkane for the 
formation of an organometallic reagent, the polarity of the bond to carbon is 
reversed and the carbon can be protonated. 
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For purposes of radioisotope labeling, we can use tritiated water (water in which some 
percentage of the ordinary protons have been replaced by tritons (ЭН = T). Radioisotopic label- 
ing is often used to explore what happens to a specific hydrogen atom in the course of a chemical 
reaction or a biological pathway. 


ORGANOMETALLICS AS NUCLEOPHILES 


There exist a wide range of organic synthetic procedures that are based on the ability of 
organometallic reagents to act as nucleophiles, those electron-rich species reacting with electron- 
deficient species other than protons These reactions are of two types—nucleophilic substitution 
and nucleophilic addition. We saw some introductory examples of both of these types of reactions 
earlier (Equations 11.15—11.19). We will now consider these types of reactions in more detail. 


Nucleophilic Addition Reactions Organometallic compounds perform nucleophilic addi- 
tion to several organic functional groups. We will limit the present discussion to the reactions of 
organometallic reagents with simple carbonyl compounds, that is, aldehydes and ketones. Both 
aldehydes and ketones contain the carbonyl group with a carbon doubly bonded (a o and a x 
bond) to the more electronegative oxygen atom. In the carbonyl group the carbon is thereby 
electron deficient (the oxygen is electron rich) and susceptible to attack by electron-rich 
reagents. The general reaction of an organometallic (nucleophilic reagent) with a carbonyl group 
is summarized in Figure 11.10. A rationalization of this reaction type is provided by a consid- 
eration of the molecular orbitals involved. 

The carbonyl compound is added directly (and slowly) into the reaction flask containing the 
Grignard reagent. This results in a rapid exothermic reaction that produces the alkoxide salt. We 
met alkoxides earlier—they are the conjugate bases of alcohols and are thus readily converted 
to alcohols by the addition of a proton source (acid). 

The addition of a Grignard reagent (or other suitable organometallic) to a carbonyl com- 
pound is an example of a carbon-carbon bond forming reaction. It is a way to add to the 
fundamental skeleton of an organic structure, in this instance specifically preparing alcohols of 
more complex skeletal structure than the starting carbonyl compound. The type of alcohol pro- 
duced depends on the nature of the carbonyl compound used. If formaldehyde is used as the 
carbonyl component, a primary alcohol is produced. An example of this type of synthesis is 
shown in Equation 11.24. 


Figure 11.10 General reaction of an organometallic reagent with a carbonyl group. The 
electron-rich carbon of the organometallic reagent donates a pair of 
electrons to the electron-deficient carbon of the carbonyl group. As a result, 
a pair of electrons from the carbonyl (C=O) linkage is displaced onto the 
oxygen atom. 
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H,C=O + CY СН Мевг aq. acid work-up СҮ 


79% yield 


methanol | 2-cyclohexylethylmagnesium 3-cyclohexyl-1-propanol 


bromide 


(Eq. 11.24) 


Molecular Orbital Analysis 


It is helpful to consider this reaction from the point of view of the molecular orbitals involved. This 
consideration applies as well to other nucleophilic addition reactions at carbonyl carbon. 

The attacking nucleophile (carbon of the organometallic) brings to the reaction a pair of electrons 
in its HOMO. The lowest energy empty orbital (the LUMO) associated with the carbonyl compound 
is the л* orbital of the carbonyl group. The largest lobe of this 75 orbital (and thus the one that 
provides the most efficient overlap) is on the carbon and has the orientation shown in Figure 11.11. 

In the addition reaction the (filled) 7 molecular orbital of the carbonyl group is transformed into 
an unshared electron pair on the oxygen; as the carbonyl carbon becomes bonded to the nucleophile, 
it changes hybridization from sp? to sp3. The cation from the organometallic reagent remains associ- 
ated with the new alkoxide site. 


filled orbital of attacking nucleophile 


Тн Fi 
"d % 
8 


Hn, 


б 
God 


empty л“ orbital of carbonyl group 


Ғісиве 11.11 Molecular orbitals involved in addition of a nucleophile to a carbonyl 
group. The nucleophile is an electron-pair donor and the carbonyl group 
is an electron-pair acceptor. The orientation of the approach that 
provides the most efficient reaction is shown; the nucleophile orbital 
approaches nearly perpendicular to the plane of the atoms of and 
around the carbonyl group. 
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The Grignard reagent needed for the reaction shown in Equation 11.24 is prepared by the 
standard method, reaction of the haloalkane (2-cyclohexyl-1-bromoethane) with magnesium in 
diethyl ether solution. Formaldehyde (methanal) is usually added in the form of its trimer, 
trioxane (11.6), or the polymer, paraformaldehyde (11.7). 

Grignard reagents react with other aldehydes to generate secondary alcohols. An example is 
shown in Equation 11.25. 


. 


trioxane paraformaldehyde 
11.6 11.7 


| -cH,—0— CH —0—cH50 — | 
n 


diethyl ether 1. (СНз)„СНСНО 
асады спои 2. aq. acid work-up 
bromoethane 
(CH3)2CH — єн --СН;СН; 


ОН 
68% yield 
2-methyl-3-pentanol (Eq. 11.25) 


Ketones react with Grignard reagents to produce tertiary alcohols, as shown in Equation 11.26. 


1. (CH3;CH)),C=0 


(3-pentanone) 


M 
CH3CH,CH,CH Br EN ANN CH3CH,CH,CH,MgBr — 
diethyl ether 2. aq. acid work-up 


(CH3CH,)C --СН;СН;СН;СН; 


ОН 
67% yield 


3-ethyl-3-heptanol (Eq. 11.26) 


Thus, we can prepare the full spectrum of primary, secondary, and tertiary alcohols through the 
use of Grignard reagents with the appropriate carbonyl compounds. Very often several approaches 
can be considered for the synthesis of a particular alcohol. The carbinol carbon of the target alco- 
hol molecule (the molecule being synthesized) necessarily is derived from the original carbonyl 
carbon. However, the groups attached (other than hydrogen) to the carbinol carbon may be derived 
either from the Grignard reagent or the carbonyl compound. We can see all of the possible routes 
to a target alcohol molecule by considering its structure in the manner shown in Figure 11.12. 
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i ІН он 
R—C-]R" R—C—R" R-+C—R" 
| | 
R' R' R' 


O O O 
Ц И || 
gei Ré gui Rio oR 
+ + + 
R"MeX R'MgX RMgX 


FIGURE 11.12 Possible routes to alcohols using Grignard reagents. As shown, three 
alternative routes can, in principle, be used to prepare an alcohol from a 
carbonyl compound and a Grignard reagent. However, unless the alcohol is 
tertiary, one or more of the attached groups will be a hydrogen atom, which 
limits the number of viable approaches; there are no hydrogen Grignard 
reagents, HMgX (they can not be prepared by the reaction of HX and 
magnesium nor by any other method). Thus, only two of the three routes are 
viable for the preparation of secondary alcohols, and only one is viable for 
the preparation of primary alcohols. 


Although alkyllithium reagents also undergo nucleophilic addition reactions with carbonyl 
compounds (an example is given in Equation 11.22), Grignard reagents are usually preferred for 
this reaction as they are easier to prepare and handle. Alkyllithium reagents do, however, have a 
special utility for one type of addition reaction. This involves carboxylic acids. Both Grignard 
reagents and alkyllithium reagents are powerful bases and will remove the acidic proton from a 
carboxylic acid, as shown in general in Equations 11.27 and 11.28, to produce the carboxylate 
anions, КСО». 


О 
R-Li + E -» RH: | 
Pu ы. E 
в” `о-н к `OTLit (Е. 11.27) 
О О 
R-MgX + и ----- ЕН + | 


7 ZN 
R' O-H R' О” Мах“ (Eq. 11.28) 
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While the Grignard reagent is nucleophilic toward aldehydes and ketones, it is insufficiently 
nucleophilic to add to the carboxyl carbon of a carboxylate anion. The presence of the negative 
charge on the carboxylate anion inhibits attack by the electron-rich Grignard reagent, as shown 
generally in Equation 11.29. 


MgX* 
o: 
O ч. | _ 
R-MgX + y: С Bron мех” 
N ' 
В” го мох R (Eq. 11.29) 


However, alkyllithium reagents are sufficiently nucleophilic to undergo addition to car- 
boxylate anions. This reactivity can be used to good advantage in the synthesis of ketones from 
carboxylic acids. An example is shown in Equation 11.30. Two equivalents of the alkyllithium 


O O 
| | 
2 CH3Li + зон by ~CH3 
aq. acid work-up 
93% yield 


(Eq. 11.30) 


reagent are required for this conversion. The first equivalent removes the proton from the 
carboxylic acid, producing a carboxylate anion. The second equivalent then performs a nucle- 
ophilic addition reaction on the carboxylate anion, forming dianion A of Figure 11.13. When an 
aqueous acid is then added in the work-up of the reaction, A is diprotonated to give intermediate 
B, which is unstable and loses water to form the ketone product. 


Substitution Reactions Many organometallics react with haloalkanes, causing the halo- 
gen to be replaced by an alkyl group from the organometallic. As such, these are substitution 


Q^ еб oH | 
в—м+в'с00- —> вв —— | вк | — “Ср + 120 
о” OH 

A B 


FicunE 11.13 Reaction of an alkyllithium reagent with a carboxylate anion. The interme- 
diate dianion A is produced directly by the nucleophilic addition reaction and 
is incapable of undergoing any further addition reaction at carbon. Upon the 
addition of water to the reaction, the negatively charged oxygen sites are 
protonated to give the hydrated ketone structure B, which spontaneously loses 
a molecular of water to generate the ketone. The nature of this last reaction 
will be considered in our discussion of carbonyl chemistry in Chapter 19. 
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reactions. Numerous kinds of mechanisms are involved, and various kinds of organometallics can 
be used. Most of these reactions are of severely limited synthetic utility, leading to numerous side- 
products and proceeding in low yield. However, one rather efficient reaction of this type involves 
the use of lithium dialkylcuprate reagents. These reagents (also known as Corey-House 
reagents) are formed by the reaction of alkyllithium reagents with a cuprous halide at low tem- 
perature, generally with diethyl] ether as the solvent. Their formation is illustrated in Figure 11.14. 

Lithium dialkylcuprates react with haloalkanes to replace the halide with the alkyl group of 
the organometallic. An example of such a reaction is shown in Equation 11.31. 


CH3CH,CH,CHyI + (CH3)2CuLi — CH3CH,CH,CH,CH, 
98 % yield (Eq. 11.31) 


There are limitations to the use of this method for forming carbon-carbon bonds. The reac- 
tion usually works most efficiently if the haloalkane on which the substitution reaction is 
performed is a halomethane or a primary haloalkane. With regard to the organometallic, the 
reactions proceed more feasibly with methyl or primary alkyl groups than with secondary alkyl 
groups, and tertiary alkyl groups require special reaction conditions. However, with particular 
conditions, even tertiary alkyl groups can be used here for the formation of carbon-carbon 
bonds. 

An interesting aspect of the lithium dialkylcuprate reaction with haloalkanes is that it can 
proceed in the presence of carbonyl groups in the haloalkane. The Corey-House reagent does not 
react with carbonyl groups under these conditions. An example of the selectivity for substitution 
(as opposed to addition to a carbonyl carbon site) is shown in Equation 11.32. 


Br 
+  (CH3),CuLi ------- AA 
O 


90% yield (Eq. 11.32) 


(CH3CH3),0 
2RLi+CuX | ———— — > R,CuLi+Lix 


(CH4CH5)50 
2 Са + Cul ——— — ——- ž (CHj,CuLi + Lil 


Figure 11.14 Formation of lithium dialkylcuprate reagents. Two equivalents of the 
alkyllithium reagent, formed in ether solution from the corresponding 
haloalkane, are treated with one equivalent of cuprous halide to form the 
lithium dialkylcuprate reagent. The R group for the reaction can be methyl, 
primary, secondary or tertiary; that is, the starting organic halide may be 
CH3X, RCH;X, R2CHX, or R3CX. 
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Other organometallics can also effect substitution reactions. In special instances Grignard 
reagents will undergo substitution reactions with haloalkanes. Fortunately, this is not a common 
means of reaction for ordinary haloalkanes and their derived Grignard reagents. If it were, 
haloalkanes (R-X) would immediately form symmetrical alkanes (R-R) upon treatment with 
magnesium. Grignard reagents do perform substitution reactions with certain activated organic 
halides. Two types of activated organic halides are allylic halides and benzylic halides. Allylic 
halides have a halogen atom attached to an sp? carbon atom adjacent to an alkene carbon-carbon 
double bond. Benzylic halides have a halogen atom attached to an sp? carbon atom attached 
directly to an aromatic ring (Chapter 18). The simplest allylic and benzylic bromides are allyl 
bromide (11.8) and benzyl bromide (11.9). 


H 
СН, Br 
H, C——C 
CH; Br 
11.8 11.9 
allyl bromide benzyl bromide 


If such an activated halide is added to a Grignard reagent, we can often isolate the product 
of alkyl coupling in good yield. An example is shown in Equation 11.33. Ordinary haloalkanes 
do not undergo this type of coupling reaction readily. The Grignard reagent survives the condi- 
tions of preparation to take part in other reactions. 


H5C =CH— СН,Вг + CH3CH,CH,CH,CH,MgBr == 


H5C =CH— CH, = CH,CH,CH,CH,CH3 
89% yield (Eq. 11.33) 


Reduced-Reactivity Organometallics The lithium dialkyl cuprate reagent is one 
example of a less reactive organometallic that can be prepared from a more reactive 
organometallic. Some other useful organometallics are also available. Organocadmium reagents 
represent a further example of this type of reduced reactivity organometallic. 

An organocadmium reagent is usually prepared by the addition of anhydrous cadmium chlo- 
ride to an ether solution of a freshly prepared Grignard reagent. The type of organocadmium 
reagent formed depends on the relative amounts of Grignard reagent and cadmium chloride 
used, as shown in Figure 11.15. 

The rules that govern whether one organometallic can be converted into another by metal 
exchange are similar to other rules of equilibria that we have met before. For example, in acid- 
base equilibria, formation of the weaker acid and base is favored. Similarly, with 
organometallics the less reactive species is favored at equilibrium. Thus we are able to convert 
a Grignard reagent to the (less reactive) organocadmium reagent, but we can not convert it to the 
(more reactive) organolithium reagent. 
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CH,CdCl + MgICl 
CdCl, 


CH4Mgl 
1/2 CdCl, 


1/2 (CH3),Cd + MgICI 


Figure 11.15 Formation of organocadmium reagents from Grignard reagents. 
Different organometallic species are formed, depending on the relative 
amounts of Grignard reagent and cadmium chloride. These two species 
will have slightly different reactivities with organic substrates. However, 
neither is reactive with carbonyl compounds in the manner that Grignard 
reagents are. Organocadmium reagents are especially useful for 
converting carboxylic acid halides to ketones (see chapter 19). 


¢ Several methods are available for the preparation of simple haloalkanes— 


* The addition of hydrogen halides to carbon-carbon double bonds. 
* Replacement of the hydroxyl group of alcohols. 


* Various reaction conditions allow alcohols to be converted to haloalkanes with either 
inversion or retention of the configuration about the original carbinol carbon site. 


* A variety of organometallics can be prepared by reaction of the electropositive metal with 
the haloalkane. Of particularly great interest in this category are the Grignard reagents 
(RMgX) and the alkyllithium reagents (КІЛ). 


* Both Grignard and alkyllithium reagents are extremely powerful bases and nucleophiles, 
reacting as though they consisted of a carbanion with an associated metal cation (R- М»). 


* The reactivity of an organometallic is opposite to that found with the parent haloalkane. 
With a haloalkane, the carbon bearing the halogen is electron deficient and subject to 
attack by electron-rich reagents. The reversal of polarity of the carbon bearing the halo- 
gen by its conversion to an organometallic is referred to as umpolung. This reversal of 
polarity of haloalkanes is an approach that is useful for organic synthesis. 


* Grignard reagents and alkyllithium reagents both abstract protons from even weakly 
acidic sources. 


* Both types of reagents undergo nucleophilic addition at the carbonyl carbon to form 
alcohols upon reaction work-up. 
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* Alkyllithium reagents are more reactive than Grignard reagents. Alkyllithium reagents 
perform nucleophilic attack on carboxylate anions, leading ultimately to ketones upon 
work-up, while Grignard reagents are unreactive with carboxylate anions. 


* Wecan prepare a variety of other organometallics of reduced reactivity from the Grignard 
reagents and alkyllithium reagents. Of particular interest are the lithium dialkylcuprates, 
which are useful for performing substitution reactions on haloalkanes. A new carbon- 
carbon bond is formed in the process. 


Terms to Remember 


carbanion Grignard reagents organometallics 
Corey-House reagents nucleophilic substitution target molecule 
electrophilic nucleophilic addition umpolung 


Reactions of Synthetic Utility 


37. R—OH + (C;H3) ;3P + CX4 — R—X 


X = Br, СІ; inversion at stereogenic carbon 


38 Mg H—Y 
В-Х ----> вн 
ether 


Н —Y is at least weakly acidic 


39. Mg Y2 
R—X > ---- R-Y 
ether 
У =I, Br, СІ 


40. = 
О 
Mg | 


R—X кс 
ether 


= О is aldehyde or ketone; aqueous acid work-up 


41. Li H—Y 
ВХ ——- ----- R—RH 


H — Y is at least weakly acidic 


42. 


43. 


44. 
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Li ) ш | 


ВХ — R—C—OH 


= O is aldehyde or ketone; aqueous acid work-up 


aqueous acid work-up; two molar amounts of RLi 
intermediate are required 


Li CuX R'Y 


ВКХ ——— — ---- К-К 


В' = 1°, allylic, benzylic; К = 1°>2°>>3°; X and Y =I, Br, CI 


Problem 11.1 

Describe how to prepare each of the following haloalkanes from (К)-2-Пехапо!. 
a) (S)-2-chlorohexane 

(answer 

b) (R)-2-chlorohexane 


(answer 


Problem 11.2 

Describe how to prepare each of the following haloalkanes from 1-hexene. 
a) 1-bromohexane 

(answer 

b) (+)-2-chlorohexane 


(answer 


Problem 11.3 

Draw structures for each of the following compounds. 
a) 4-bromo-2-methyl-2-hexene 
(answer 

b) (2)-2-bromo-4,4-dimethyl-2-pentene 
(answer 

с) 3-chloro-3-methylcyclohexene 
(answer 

d) 5-chloro-5-methyl-3-heptanol 
(answer 

e) 1-chloromethylcyclohexane 


(answer 


Problem 11.4 


Give a complete IUPAC name for each of the following structures. 


dide 


(answer) 
b) B 


Cl 
r 
Pu 
(answer) 
4 
ХА 
1 


с 


) 
(answer) 


d) 


(answer 


Problem 11.5 


For each of the compounds in Problem 1 1.4, tell whether the halogen is at a primary, 
secondary or tertiary site. 


(answer) 


Problem 11.6 


Why would liquid ammonia be a poor choice as a solvent in which to prepare a Grignard 
reagent? 


(answer) 


Problem 11.7 


Contemplate an attempt to prepare propylsodium (along with ethanol as the by-product) 
by adding sodium ethoxide to propane. Comment on the feasibility of this reaction. 


(answer) 


Problem 11.8 


For each of the following specifically labeled compounds, give the haloalkane that would 
be used in its synthesis through an organometallic intermediate. 


а) (CH3), CHCH, CH, D 


(answer) 


b) H 


(answer 
с) CH, CHCH, СН, CHTCH, 


(answer 


Problem 11.9 

Give the reagents and reaction conditions for the synthesis of each of the following 
specifically labeled compounds from the indicated starting materials. (Note: Several steps 
are involved in each synthesis. You should show the reagents and reaction conditions for 
each step.) 

a) 4-deuterio-2-methylpentane, (СН; ); CHCH, CHDCH,, from 4-methyl-1-pentene 
(answer 

b) 5-deuterio-2-methylpentane, (CH ;),CHCH,CH,CH, р, from 4-methyl-1-pentene 
(answer 


c) 1-deuterio-2-methylpentane from 2-methyl-1-pentanol 


(answer 


d) 
from 
CHDCH; снева 


ОН 


(answer) 


Problem 11.10 


Give the structure of the carbonyl compounds that would be used for the synthesis of 
each of the following alcohols from the indicated Grignard reagents. 


a) 3-methyl-3-pentanol from methylmagnesium iodide 
(answer) 

b) 1-hexanol from 1-pentylmagnesium bromide 

(answer 

c) 2-methyl-3-hexanol from 1-propylmagnesium bromide 
(answer 

d) 1 -methylcyclohexanol from methylmagnesium iodide 


(answer 


Problem 11.11 


For each of the following alcohols, give all of the possible combinations of Grignard 
reagent and carbonyl compound that could be used for its synthesis 


а) 5-ethyl-5-decanol 
(answer) 

b) 3-methyl-2-pentanol 
(answer 

с) 2,3-dimethyl- 1 -butanol 
(answer 

d) 3-ethyl-3-pentanol 


(answer 


Problem 11.12 

For each of the following alcohols, devise a synthesis that involves a Grignard reagent in 
at least one of the steps. You should use formaldehyde and alcohols of three carbons or 
fewer as the source of all of the carbon atoms in the product, along with any inorganic 
reagents you find necessary for the syntheses. 

a) 3-pentanol 

(answer) 

b) 2,3-dimethyl-2-butanol 

(answer 


c) 2-methyl-3-pentanol 


(answer 


Problem 11.13 


For each of the following alcohols, devise a synthesis that involves a Grignard reagent in 
at least one of the steps. You should use formaldehyde and alcohols of three carbons or 
fewer as the source of all of the carbon atoms in the product, along with any inorganic 
reagents you find necessary for the syntheses. 


a) О 
(answer 
b 

) O 
(answer 
c) О 


(answer) 


Problem 11.14 


Give the haloalkane that would be used in reaction with lithium di-1-butylcuprate to 
generate each of the following materials: 


a) 2-methyloctane 
(answer) 

b) 2,4-dimethyldecane 
(answer 

с) 1-cyclohexylbutane 


(answer 


Problem 11.15 

Draw the structure for each of the following compounds: 
a) 3-chloro2-methyl- I-butene 

(answer 

b) (E)-1-bromo-2-ethyl- 1 -pentene 

(answer 

с) (S)- I-chloro-2-propanol 

(answer 


d) all secondary haloalkanes of formula C4HoCl 


(answer) 

e) all tertiary, chiral haloalkanes of formula СН |5СІ 
(answer) 

f) (R)-2-chloro-2-methyl-1 -butanol 


(answer) 


Problem 11.16 


Give the organic products for each of the following reactions: 


a) 2-hexanone treated with ethylmagnesium bromide and worked-up with aqueous 
acid 

(answer) 

b) 2-hexanone treated with methyllithium and worked-up with aqueous acid 
(answer 

с) 1-butene treated sequentially with (1) hydrogen bromide in the presence of 


peroxides, (ii) magnesium in ether solution, (iii) formaldehyde, and worked-up with 
aqueous acid 


(answer 
d) ethanol treated with 1-butyllithium 
(answer) 


e) cyclopentylmagnesium bromide upon treatment with 2-ethylbutanal 
[CH3CH;CH(CH3)CHO] and worked-up with aqueous acid 


(answer) 


f) ]-butene treated sequentially with (1) hydrogen chloride, (1) lithium in ether 
solution, and (iii) deuterium oxide 


(answer 


g) acetic acid upon treatment with two equivalent amounts of ethylmagnesium 
bromide followed by work-up with aqueous acid 


(answer) 


h) acetic acid treated with two equivalent amounts of ethyllithium followed by work- 
up with aqueous acid 


(answer 
1) ] -bromobutane treated with lithium diethylcuprate 


(answer) 


j 2-bromobutane treated sequentially with (1) lithium in ether solution, (ii) cuprous 
iodide, and (11) ethyl bromide 


(answer) 


k) 1-methylcyclopentanol treated sequentially with (1) hydrobromic acid, (ii) 
magnesium in ether, (11) deuterium oxide 


(answer) 

1) cis-2-methylcyclohexanol treated with thionyl chloride in pyridine solution 
(answer 

m) cis-2-methylcyclohexanol treated with thionyl chloride in dioxane 


(answer 


Problem 11.17 


Give the reagents and conditions required to accomplish each of the following 
conversions: 


a) 1-bromobutane to 1-pentanol 
(answer) 

b) 1-hexanol to 1-heptanol 

(answer 

с) cyclopentene to 3,7-nonanedione 
(answer 

d) ethyl bromide to diethylcadmium 
(answer) 

e) 1-pentanol to 2-hexanone 
(answer) 

f) cyclohexene to deuteriocyclohexane (СН р) 
(answer 

g) 1-bromobutane to pentane 


(answer 


Problem 11.18 


When carbon dioxide is bubbled through a solution of 1-butylmagnesium bromide in 
ether and the reaction is worked-up with aqueous acid, a compound of formula С НО» 
is obtained. This same substance is also prepared by refluxing 1-pentanol with hot 
aqueous basic permanganate followed by work-up with aqueous acid. Give the structure 
of the compound. Explain how it is formed in the reaction of the Grignard reagent with 
carbon dioxide. Show a curved-arrow mechanism. 


(answer) 


Problem 11.19 
A bromoalkane is treated with magnesium in ether followed by the addition of water. 2,3- 
Dimethylbutane is produced in this reaction. Give all possible structures for the 


bromoalkane. 


(answer 


Problem 11.20 
Another bromoalkane is treated with magnesium in ether followed by the addition of 
water. In this reaction 2,2-dimethylpropane is produced. Give all possible structures for 


the bromoalkane. 


(answer 


Problem 11.21 


Bromoalkane A of formula C3H7Br is treated with magnesium in ether followed by the 
addition of ketone B, of formula С,Н 4О. After workup with aqueous acid, product C of 
formula СлоН220 is isolated. Heating C with sulfuric acid yields D of formula CioH»o. On 
ozonolysis of D followed by workup with zinc and acetic acid, 2-propanone and 2,4- 
dimethyl-3-pentanone are isolated. Suggest structures for compounds A-D. (HINT - In 
solving this type of problem, start at the point where the most structural information is 
given. In this instance it happens to be at the end of the reaction scheme. Start with these 
given compounds and work stepwise back to the beginning.) 


(answer 


Problem 11.22 


When allyl bromide is refluxed with magnesium metal in ether solvent, a compound of 
С<Н|0 is formed. Explain this result. 


(answer) 


Problem 11.23 


Provide structures for the compounds E-H in the reaction sequence shown below. 


K5Cr50;, H} SO 
2 : ip Бы om F 1. СН; МеВг К с 
егі 
C;H, О C;Hj0 2.29. acid СНО 
reflux with 
Н,504 
Y 
0 1.0, е. 
+-+-_——— 
2. Zn/CH4CO;H С На 
O 


(answer 


Problem 11.24 


Give a reaction sequence (reagents and reaction conditions) to accomplish each of the 
following preparations: 


a) 2,7 -octanediol from cyclohexene 
(answer) 
b) 2-methyl-2-pentanol from alcohols containing three carbons or less 


(answer 


Problem 11.25 


Show all steps in the preparation of each of the following compounds. Start with alcohols 
of five carbons or fewer and any other reagents deemed necessary 


a) 


(answer) 


OH 
(answer) 
| ағаға 


(answer) 


” ЖА 


(answer) 


(answer) 
f) CY 


(answer) 


D 
P за 
а 


(answer) 

(answer) 

i) | | 
(answer) 

2) 


P dot cm P 


(answer) 
O 


k) 


(answer) 


ђ 


(answer) 


m) 


(answer) 


11.1a-answer 


The conversion proceeds with inversion of configuration at the stereogenic (carbinol) 
carbon atom. You may use one of three methods: (a) thionyl chloride with HMPT (or 
pyridine); (b) triphenylphosphine with carbontetrachloride; ог (c) phosphorus trichloride. 
You may not use hydrogen chloride as it will lead to much racemization. 


11.1b-answer 


This involves a net retention of configuration at the carbinol carbon atom when hydroxyl 
is replaced by chloride. The reaction system for this uses thionyl chloride in dioxane to 


provide a double inversion process. 


11.2a-answer 


This conversion requires anti-Markovnikov orientation for the addition of H-Br to the 
alkene. We need to use HBr with free radical conditions, that is, with the addition of a 


free radical initiator such as benzoyl peroxide. 


11.2b-answer 


This conversion requires formation of the 2-chlorohexane in racemic condition (equal 
amounts of both enantiomers). Ionic addition of НСІ will provide this result, as with the 
addition of НСІ in acetic acid. 


11.3a-answer 


Br 
EP 


11.3b-answer 


Br 
XM 


11.3c-answer 


CI 


11.3d-answer 


OH 


CI 


11.3e-answer 


CH,CI 


11.4a-answer 


4-chloro-4-ethyl -3-methylheptane 


11.4b-answer 


(Z)-1-bromo-2-methyl-3-heptene 


11.4c-answer 


3-bromo-2-ethyl- 1 -pentene 


11.4d-answer 


5-ethyl-3-10do-4-methyl-1-hexene 


11.5-answer 


a) tertiary 
b) primary 
с) secondary 


d) secondary 


11.6-answer 


The ammonia molecule (NH3) has hydrogens attached to nitrogen that are moderately 
acidic (pK, = 38). Any ordinary Grignard would immediately react with the ammonia to 
abstract a proton, destroying the Grignard reagent and generating the hydrocarbon. 
Amide anion would be generated in the process. 


11.7-answer 


As with the example shown in Figure 11.7, ethanol is a much stronger acid (pKa = 16) 
than is propane (pK, = 51). The reaction noted to be used, producing ethanol by the 
deprotonation of propane, would be attempting to have the equilibrium lie to the side of 
the stronger acid and stronger base, a situation that simply will not occur. The reaction 
will not work at all. 


11.8a-answer 


(CH 3); CHCH, CH, Br АТС ELO (CH4); CHCH, CH; D 
- D2 


11.8b-answer 


H 
1. Mg, (CH3CH2)20 
-----------ы 


ВЕ DO 


11.8c-answer 


CH; CH, CH,CH, CHBrCH, “т” СН; СН, СН, СН, СНТСН; 
<= 


(water enriched 
in tritium) 


11.9a-answer 
Steps to solving the problem: 


l. To devise multistep syntheses of this type, it is a good practice to begin with the ultimate product (the target molecule) and 
work back to the available starting material. In this way we concentrate our thinking on one reaction at a time, specifically, a single 
reaction that will produce the desired material from some other compound. We then concern ourselves with the preparation of that 
intermediate species from some other compound, and so on, until we arrive back at the starting material. 


2. We need to devise a preparation of the target material in a single step from something else. In this problem the target molecule 
is 4-deuterio-2-methylpentane. What reaction will give us this molecule in a single step from some other compound? As shown below, 
cleavage of the Grignard reagent with deuterium is effective: 


0.0 
(CH з). CHCH, eH ——— (CH;);CHCH, анон 


MgBr D 
(There are numerous other ways of preparing the target material in one step from other substances. We must eventually look beyond 
the immediate reaction to see where other approaches will lead us.) 


3. We must now consider the formation of the Grignard reagent. It is prepared by the reaction of the bromoalkane with 
magnesium in ether. 


Mg, (СЊСН О 
(CH), CHCH, ias. ——— —— —- (СН;);СНСН, алы 


Вг MgBr 


4. Continuing to work back toward our starting material, we consider the formation of the bromoalkane. There are several 
methods available to us for forming bromoalkanes. We might contemplate forming this one directly by the ionic addition of hydrogen 
bromide to the starting alkene, as shown below. 


HBr 
(CH3) CHCH, CH=CH, — —— (СН з) CHCH, CH(Br)CH ; 


However, this approach could possibly result in rearrangement of the carbon skeleton due to the formation of an intermediate 
carbocation: 


Ht A 


-H* + 
— — — — x (CH;),CHCHCH, CH, 


-H* + 
------>»  (CH4),CCH, CH, CH, 


A better approach is to form the bromoalkane from the alcohol by treatment with phosphorus tribromide. We can form the 
alcohol from the starting alkene without rearrangement by using the oxymercuration/demercuration route. 


1. Не(ОАс);, 
H,O 


(CH,),CHCH,CH=CH, ————» (СНз): CHCH, —CH-CH, 


2. NaBH, OH 
РВг; (CH 3), CHCH, he 3 
—» 
Br 


5. Overall, the synthetic route can be summarized as: 
1. Hg(OAc) 2» 
H,O 


2. NaBH, OH 
РВг; (СН 3) 2 СНСН, АИ 
------ 
Вг 


1. Mg, ether (CH ау; CHCH, —CH-CH, 
------»- 


D 
2.D30 


11.9b-answer 


ра 


HBr, peroxides 


1. Mg, diethyl ether 


2.D40 


Br 
» 


кы е. 


11.9c-answer 


SOCL;/dioxane 


м.м 


1. Mg, ether 
— > 
2.D,0 D 


11.9d-answer 


ЅОСІ, /dioxane 
_CH, ня -Сн, 
rH TH 
OH CI 
1. Mg, ether 
м 
2. 0,О CH 


11.10a-answer 


Steps to solving the problem: 


1. First we must draw the structure of the target alcohol, 3-methyl-3-pentanol. 
DH 
CH; CH, m a ы. 
CH; 
2. We analyze the possible sources of the component atoms of the target material. The methyl group attached to the carbinol 


carbon comes from our Grignard reagent. The remainder of the target structure then must be derived from the carbonyl component of 
the reaction. 


Derived from the carbonyl component 


2 


oH 
CH, CH, —C—CH, CH, 


А 


Derived from Ше Grignard reagent 


3. The carbonyl component of the synthesis must then be 3-pentanone. 


|| 
CH, CH, —C—CH,CH, 


11.10b-answer 
The synthesis is of a primary alcohol. Using a Grignard reagent thereby means that formaldehyde must be our carbonyl component. 


Derived from the carbonyl component 


CH, CH, CH;CH, CH, —-CH, —OH 


The carbonyl component thus is provided by either trioxane or paraformaldehyde, generating the simple formaldehyde in the reaction 
medium. 


О О 
С b or | —сн,-о-сњ-о-сн-0— |, Е) C 
о 0 

N 


H/ ^H 


11.10c-answer 


(CH35;CHCHO methylpropanal (isobutyraldehyde) 


11.10d-answer 


O 


cyclohexanone 


11.11a-answer 


Since it is an unsymmetrical tertiary alcohol, the target molecule may be considered with three methods of preparation from Grignard 
reagent and carbonyl compound: 


OH 
| қ , 
CH4,CH,CH,;CH, СН, —C—CH, CH, CH, CH, from ethyl Grignard with 
5-decanone 
CH, CH, 
ү! 
= from butyl Grignard with 
CH, CH, CH, CH, CH, ү CH, CH, CH, СН; ие 
CH, CH; 
OH 


| Е | 
CH; CH, CH, CH; CH, +C—CH,CH, СН, CH; from pentyl Grignard with 
| 3-heptanone 


CH, CH, 


11.11b-answer 


Since it is an unsymmetrical secondary alcohol, the target molecule may be considered with only two methods of preparation from 
Grignard reagent and carbonyl compound: 


он 
C—CH(CH; )CH , CH; from methyl Grignard with 
| 2-methylbutanal 
H 
OH 


| from 2-butyl Grignard with 
НЗС E CH(CH3)CH 2CH3 ethanal 


H 


11.11c-answer 


Since it is a primary alcohol, the target molecule may be considered with only one method of preparation from Grignard reagent and 


carbonyl compound: 


OH 


| 
Н--С-ІСН(СНЗУСН(СН from 3--methyl-2-butyl Grignard with 
| (CH3)CH(CH з); formaldehyde (trioxane or paraformaldehyde) 


H 


11.11d-answer 


Although it is a tertiary alcohol, the three groups attached to the carbinol carbon atom are all the same (ethyl groups) and only one 
synthesis from Grignard reagent and carbonyl compound is possible: 


OH 


| 
СН. СН, 4-C—CH, CH; from ethyl Grignard with 
| 3-pentanone 


CH,CH, 


11.12a-answer 
Steps to solving the problem: 


l. Again, we need to consider the structure of the target molecule to decide on the possible Grignard reagent and carbonyl 
compound to be used in the synthesis. The components of the target molecule can be outlined as: 


OH 
CH, CH, -++CH-CH, CH, 


2. What is the carbonyl component in this procedure? The portion of the target molecule derived from the carbonyl component 
has been outlined. (A different set of carbons could be outlined, but are identical to this set.) We see that the carbonyl component of 
the reaction is propanal and the Grignard reagent component is ethylmagnesium halide. 


3. We can now write the final reaction in the overall synthesis: 
OH 
CH,CH,MgBr + СН,СН,СНО — — — ———»- СН; СН, — CH-CH,CH, 
aq. acid work-up 
4. Working our way back to the available starting materials, we must now derive the two reactants of the above reaction from 


alcohols of three carbons or fewer. It is helpful to write these conversions in the reverse order to understanding the thinking involved 
in this problem. These conversions are: 


Mg РВг; 
CH,CH,MgBr <--- CH,CH;Br 4—— — CH,CH;0H 


diethyl ether 
and 
CrO 3 
CH,CH,CHO  -——— СН, СН, СН, ОН 
pyridine 


We thereby have a complete synthesis of 3-pentanol from alcohols of three carbons or fewer using a Grignard reaction as the final 
step. 


11.12b-answer 


The three-carbon alcohol we use to start the entire synthesis is 2-propanol. (There are other choices, but all of these involve longer, 
more involved reaction schemes. This is the most efficient overall.) 


О 
| — P + (СН 4); CHMgBr 


OH 
Mg 
CrO 3 
H,SO, diethyl ether 
Н-О 
РВг; 
(СН, ), СНОН > (CH3), CHBr 


11.12c-answer 


This preparation proceeds most efficiently starting with two different three-carbon alcohols, one being the source of the carbinol 
carbon (and thereby the precursor aldehyde) - 1-propanol, and the other the source of the Grignard reagent - 2-propanol. 


AN <«— CH4CH,CHO + (СН з), CHMgBr 
OH 


Mg 
CrO 3 
pyridine diethyl ether 


CH,CH,CH,OH (CHj),CHBr 


РВг; 


(CH3), CHOH 


11.13a-answer 


CO,H 


with 


or 


CH LI 


LI 


11.13b-answer 


CO,H 


with CH3Li 


or Li 


11.13c-answer 


СО, Н Li 
lí with bs 


11.14a-answer 


Br 
dii di with CuLi 


11.14b-answer 


11.14c-answer 


Br 
on with | ~ ош 


11.15a-answer 


ај ~ ~ 


11.15b-answer 


Br 


11.15c-answer 
H CH; 


CI 
HO 


11.15d-answer 


H CH, 


CI 


CH; 


H,C H 


Cl 


сн; 


11.15e-answer 
СІ СН, 


сн, 
СН, СН, СН, 


а CH, 


CH; 
(СН;),СН 


H,C 


H,C 


а 


а 


CH, CH, CH, 
CH, 


СН(СН;), 
CH; 


11.15f-answer 


CI 
OH 


Н.С CH,CH, 


11.16a-answer 


HO  CH,CH, 


p 


11.16b-answer 


HO CH, 


pa 


11.16c-answer 


а a ОН 


11.16d-answer 


„и. and CH;CH;OLi 


11.16e-answer 


OH 


11.16f-answer 


Ml 


D 


11.162 -answer 


CH,CO,H апа 2 equivalent amounts of СН CH; 


11.16h-answer 


O 


11.16i-answer 


CH, CH, CH,CH, CH, CH, 


11.16j-answer 


11.16k-answer 


НС D 


11.16l-answer 


А сн, 
СІ 


11.16m-answer 


CH, 


CI 


11.17a-answer 


1. Mg, ether 
2. trioxane (formaldehyde) 
3. aqueous acid 


11.17b-answer 


1. Mg, ether 
2. trioxane (formaldehyde) 
3. aqueous acid 


11.17c-answer 


1. Оз, zinc/acetic acid work-up 
2. 2 equivalents ethylmagnesium bromide 
3. aqueous acid 


11.17d-answer 


1. Mg, ether 
2. CdCl, 


11.17e-answer 


1. CrO,, pyridine 
2. methylmagnesiumiodide 
3. aqueous acid work-up 


11.17f-answer 


1. hydrobromic acid 
2. Mg, ether 
3.D,0 


11.17g-answer 


1. Mg, ether 

2. trioxane (formaldehyde) 
3. SOCL, 

4. Mg, ether 

5. ЊО 


11.18-answer 


The Grignard reagent, being electron-rich at carbon, attacks the electron-deficient carbon of the carbon dioxide molecule. Upon 
aqueous acid addition, a proton is picked up at the new carboxylate site giving the product, pentanoic acid. The detailed mechanism is: 


f 
CH;CH,CH,CH,-MgBr + d — CH;CH;CB,CH;—C, - 
5 MgBr* 
H-O-H 
< 


CH4CH;CH;CH;CO;H + MgBrOH 


11.19-answer 


Br 


and 


Br 


11.20-answer 


Br 


only 


11.21-answer 


pr = ey 


given products D C 


11.22-answer 


The allyl Grignard is one of those organometallics that performs nucleophilic substitution reactions on particularly activated 
haloalkanes. Allyl bromide is such an activated haloalkane. The allyl Grignard reagent, as it is formed, undergoes reaction with the 
surrounding allyl bromide to generate 1,5-hexadiene (C&H |). 


11.23-answer 


OH 


Q- 


cis- or trans- 


H 


Xs 


cis- and trans- 


ба 


11.24a-answer 


1:05 


» 


2 ?л/СН; CO,H 


CHO 
CHO 


2 еду. 
СН; Мо], aq. work-up 


OH OH 


11.24b-answer 


aq. work-up 
O ————Є—Є—Є———_“=Є (СН; ), C(OH)CH CH, CH; 
СН; СН, СН, MgBr 
CrO; 
Но5О4 Mg, ether 
СН; CH(OH)CH, 
СН;СН, СН, Вг 
PBr, 


СН СН, CH, OH 


11.25a-answer 


aq. work-up 
P bo к 
СН МеВг 
CrO; 
pyridine 
Mg 
ether 
CH, CH, CH, CH, CH, OH 
CH; Br 
PBr, 


OH 


11.25b-answer 


[e PBr4 за Mg, ether 
——— У 


11.25c-answer 


D aq. work-up 
CHO 


CH,),CHCH, МеВг 
СО, (СН;); 2Mg 
pyridine 
Mg 
ether 
СН; СН, СН,ОН 
(CH; ) 2СНСН, Вг 
PBr, 


(CH3), CHCH, OH 


OH 


11.25d-answer 


CHO 


CrO 
pyridine 


(CH), CHCH, CH,OH 


aq. work-up 
(CH 3 ) CHCH, MgBr 


Mg 
ether 


(CH 3) 2 CHCH, Br 


РВг; 


(CH3), CHCH, OH 


OH 
» pu" 


11.25e-answer 


СгО; 


К е poH 
OH pyridine 
T ч 
v 1. РВг; 
О 2. Mg, ether 
Жан "t 
1. РВг; HO 


2. Mg, ether 


aq. work-up HO 


(CH 3 ) CHCH, MgBr 


Mg 


CrO; ether 


H,SO, 


(CH 3); CHCH, Br 
HO 372 2 


РВг; 


(СНз), CHCH, OH 


СН; СН, СНО <— СН; СН, СН, ОН 
aq. work-up CrO 3, pyridine 


MgBr Br OH 
PBr, 
== 5------дҙ- 


Mg, ether 


11.25f-answer 


Сү aq. work-up 
O CH, СН, MgBr 
M 
CrO3, H5SO, M 
CH; CH, Br 
на PBr, 


OH 
CH, CH, OH 


OH 


Y 


1.H,SO, (-Н,0) 
2. H5, PtO; 


11.25g -answer 


PBr, 


OH 


Mg, ether 


OH 
aq. work-up 
> 
MgBr CH; CHO 
CrO 3 
pyridine РВгз 
Y 
CH, CH, ОН Br 
Mg 
ether 
D MgBr 
эе, 


11.25h-answer 


O 
Mg, ether aq. work-up 
gsm An РН d a Вы р 
Вг МеВг H, C=O 
CrO 3 


H 


РВгз pyridine PBr, 
ү 
СН; ОН Br 
Mg 
ether 
D MgBr 
0.0 


11.25i-answer 


Mg, ether aq. work-up 


РВа 


ОН 


HO 


қ” 


1.H,SO, (-Н,0) 
2. H5, РО; 


Y 


wt 


11.25j-answer 


PB 
Pn" db m dis - Se ат pu > di т ары туа ЕРЕ 
CrO; 
pyridine 
Y 
aq. work-up 
Y 
OH 
1. РВг; 
2. Mg, ether 
3. H50 


Y 


Lcx cde Xt 


11.25k-answer 


Mg, ether 


JS UU OH —À— АЕ Pau -. ақы ТЕРЕ 


p СО; aq. work-up 
> 
ОН aq. Н,5О, О 


ОН 


1. PBr3 
2. Mg, ether 
3. H50 

Y 


11.25l-answer 


PBr3 Mg, ether 


Nd d MEC b dd ---- ewe 


CrO; H aq. work-up 


— 7 Т» 
У Хон ругійіпе -— О 


| он 


yo 


CrO; 
aq. H,SO, 


— 


11.25m-answer 


PBr3 
“jo " b Mg, ether 4 ва). 


CrO 3 
pyridine 
у 
аа. work-u 
m 1 К 
Y 
OH 
CrO; 
aq. Н,5О, 
у 


SUBSTITUTION AND 
CLIMINATION REACTIONS OF 
HALOALKANES 


12.1 INTRODUCTION 


The previous chapter introduced a few aspects of the chemistry of haloalkanes, also referred to 
as alkyl halides. It emphasized methods of preparation and the umpolung that accompanies 
their conversion to organometallics. In this chapter we continue to explore the chemistry of this 
versatile and important group of compounds. In particular, we will examine in some detail two 
common and important reaction types—nucleophilic substitution reactions and elimination 
reactions. 

When a haloalkane undergoes a nucleophilic substitution reaction, the halogen is displaced as 
a halide ion and its place is taken by the nucleophile. This type of reaction can be used to intro- 
duce many functional groups into organic molecules. One example will suffice for the present: 
when treated with cyanide ion (CN-), many haloalkanes (RX) yield nitriles (RCN). In such reac- 
tions the nucleophile (cyanide ion) displaces the halogen X as X- from the organic substrate. 

Elimination reactions of haloalkanes may occur when they are treated with suitable bases. 
In these reactions a hydrogen atom and a halogen atom are eliminated from a pair of adjacent 
carbon atoms, and a carbon-carbon double bond is introduced (see the discussion in Chapter 9). 

Both elimination and substitution reactions make it possible for chemists to synthesize a 
great variety of substances from haloalkanes. You will recall that haloalkanes are readily 
prepared from alcohols, so you can begin to appreciate that the sequence of conversions 


alcohol  ——-  haloalkane — other organic substances 


is very common in synthetic work. 
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12.2 NUCLEOPHILIC SUBSTITUTION 
REACTIONS—GENERAL CONCEPTS 


THe NATURE оғ NUCLEOPHILIC SUBSTITUTION REACTIONS 


We first encountered nucleophilic substitution reactions while discussing the reactions of alcohols. 
We will begin by reviewing some aspects of these reactions that are relevant for the discussion of 
haloalkanes in this chapter. The first point is to stress that alcohols are not reactive toward nucle- 
ophiles. The hydroxyl group (COH) is not easily displaced as a hydroxide ion (НО“). The rationale 
for this we will see shortly. In an acidic medium, however, an alcohol is protonated on oxygen, 
resulting in a significant change in the nature of the substituent and, correspondingly, the chemistry 
of the alcohol molecule. 

The protonated alcohol contains the -OH?* group (an oxonium ion) that is readily lost as 
a molecule of water, taking with it the electron pair that originally bound it to carbon in the 
alcohol. You should recall from the earlier discussions on alcohols (Chapter 5 and Chapter 7) 
that there are two modes of reactivity for the oxonium ions. The oxonium may react directly 
with a nucleophile in the reaction mixture, as illustrated in Figure 12.1. Alternatively, the oxo- 
nium ion may spontaneously lose a molecule of water to form a further intermediate—a 
carbocation—that then reacts with a nucleophile in solution. This mode of reactivity is sum- 
marized in Figure 12.2. 

In each reaction, there is overall involved a nucleophilic substitution process, one in which 
a nucleophile substitutes for the leaving group (water). Many species other than oxonium ions 
react with nucleophiles by one or both of the two pathways just illustrated. In each instance, a 
suitable leaving group must be present. Among the most important examples of substances pos- 
sessing good leaving groups are the haloalkanes. We will now consider their reaction in some 
detail. 


N Ж / 
қаз” ccu. —— ——- Nu—C +H,0 
У7 c 
H 


Figure 12.1 Direct reaction of an oxonium ion with a nucleophile. 


H 


N Aa -H20 "t N 


| 
С-0+ ——> C+ — —— C—Nu 


4 А 4 


FigurE 12.2 Decomposition of an oxonium ion to a carbocation and a molecule of water 
prior to reaction of the carbocation with a nucleophile. 
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HALOALKANES AS SUBSTRATES FOR NUCLEOPHILIC SUBSTITUTION 


Halogen atoms are more electronegative than are carbon atoms. As a result, the electron density of 
a carbon-halogen bond is not distributed evenly along the length of the bond. Rather, the halogen 
end is electron rich and the carbon end is electron deficient. Thus the carbon atom is an elec- 
trophilic site (electron-loving), and, as such, it is subject to attack by (electron-rich) nucleophiles. 

When substitution reaction are performed on alcohols, the hydroxyl group must be proto- 
nated to convert that group to one that is a good leaving group. (The hydroxyl group is not a 
good leaving group; it is the conjugate base of a weak acid, water. However, water is a good 
leaving group since it's the conjugate base of a strong acid, hydronium ion.) Earlier, we intro- 
duced a useful inverse correlation between leaving group ability and basicity for a particular 
group. Here we recognize that water is a weaker base and thus a better leaving group than is 
hydroxide ion. In general, weak bases (those with stronger conjugate acids) are better leaving 
groups than are strong bases (those with weaker conjugate acids). 

Chloride, bromide and iodide ions are all weak bases. Each is the conjugate base of a strong 
acid. we can therefore predict that all could serve as good leaving groups in nucleophilic sub- 
stitution reactions. In fact, we do find that chloro—, bromo- and iodoalkanes are effective 
substrates for nucleophilic substitution reactions. On the other hand, fluoride ion is a strong 
base. (It's conjugate acid, HF, is a relatively weak acid.) Not surprisingly, fluoroalkanes are not 
useful substrates for nucleophilic substitution reactions. 

In summary, the relative abilities of the halides to serve as leaving groups in nucleophilic 
substitution reactions are: 


г> Вг- > СІ- > Е 


This order is the reverse of the order of their basicities (base strengths). 


THe NUCLEOPHILE: NUCLEOPHILICITY 


Both ions and molecules can function as nucleophiles provided they have an electron pair capable 
of forming a new bond to an electrophilic site. The term nucleophilicity refers to the relative 
strength or reactivity of a nucleophile. Nucleophilicities are measured by comparing the rates at 
which different nculeophiles react with a given substrate. Later in this chapter we will compare 
nucleophilicities and contrast them with basicities. 


AN INTRODUCTION TO KINETICS 


Kinetics is the branch of chemistry dealing with the study of the rates of reactions. In a typical 
kinetic experiment a chemist measures the rate of reaction by monitoring the decrease in con- 
centration of reactants and/or the increase in concentration of products over time. Experimental 
studies of kinetics have played a most important role in providing insights into the natures and 
mechanisms of many types of reactions, including nucleophilic substitution reactions. One 
important avenue of investigation in kinetics experiments involves examining how reaction rates 
depend on the concentrations of each of the reactants. 

For all reactions, a relationship known as a rate law can be derived from experimental meas- 
urements. A rate law is a mathematical expression relating the dependence of the reaction rate 
on the concentrations of the reactants. The general form of a rate law for a hypothetical reaction 
involving two reactants, A and B, is shown in Figure 12.3. 
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A+B = Products 


Change in 
Rate of Formation d[Product] [Product] 


of products Е dt Period of Time 


Figure 12.3 General form of a rate law. For the reaction 


A+B --------->- Products 


the concentrations of the reactants (A and B) are indicated by [A] and [B]. The 
exponents a and b are determined by experimental measurement of the 
effect of changing the concentrations of reactants on the observable rate of 
formation of the product. In the rate law expression, k (known as the rate 
constant) is a proportionality constant relating the observable rate to the 
concentrations of the reactants. The rate constant is a characteristic of a given 
reaction under a specific set of conditions (temperature, solvent, pressure, 
etc) The rate constant, unlike the rate itself, does not vary with the 
concentration of the reactants, but is uniquely characteristic of the reaction 
under the given conditions. 


In general, we determine the rate law for a given reaction by performing kinetic experiments. 
Specifically, we vary the concentration of each of the reactants in turn and look at the effect of 
these variations on the rate of reaction (product formation). For example, if we triple the con- 
centration of one reagent (say, A) and find that the reaction rate triples (rate of formation of 
product), then we know that the rate is directly proportional to the concentration of that reagent. 
We would say that the reaction is first order with respect to A, and the exponent a has the value 
of unity (one). If, on the other hand, if the rate would remain the same when we changed the 
concentration, we would conclude that the rate 1s independent of the concentration of that 
reagent and the exponent a would have the value of zero. (Anything raised to the zeroth power 
is one, which is the equivalent of removing the concentration of that reactant from the rate law.) 

The exponent of a concentration term in the rate law is called the reaction order with regard 
to that reagent. The sum of all exponents of concentration terms in the rate law is the reaction order 
for the entire reaction. For example, if the experimentally determined rate law expression is 


Rate = k[A][B] 
we would say that the reaction is first order with regard to each of the reactants and second 
order overall. If the experimentally determined rate law were 


Rate = АВ! 


we would say that the rate is overall third order. It is first order with regard to B and second 
order with regard to A. 
Consider the reaction in which reactants A and B come together to form a product Z. 


A+B --- 7 


Suppose that this conversion occurs in а single step by means of a collision of A and B. The 
rate of formation of Z depends on how often one molecule of A and one molecule of B actually 
collide with each other in the reaction mixture. The more frequent these collisions, the more 
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rapidly Z is generated. Not every collision can be expected to result in product formation, but 
the more collisions that occur, the more that will lead to product formation. The rate of reaction 
will be proportional to the concentrations of each of A and B. If we increase these concentra- 
tions, the probability of collision (and hence product formation) will increase proportionally. 
Many reactions involve more than one step in their mechanism. How do the concentrations of 
reagents affect the rates of these reactions? We find that the concentrations of reagents that are 
consumed during the slow step of the reaction appear in the rate law with positive integral expo- 
nents. We can think of the slow step of a reaction as the bottleneck in the process of forming the 
product. It is the rate-determining step of the reaction. Only the frequency and the effectiveness 
of collisions between molecules actually involved in the rate-determining step can affect the 
overall reaction rate. Reagents that are consumed before or after the slow step have their con- 
centrations raised to the zeroth power in the rate law. That is, their concentrations are omitted or 
indicated by unity. The observable rate of reaction is independent of their concentrations. 


12.3 OBSERVATION OF NUCLEOPHILIC SUBSTITUTION 
REACTIONS OF HALOALKANES 


A study of the kinetics of nucleophilic substitution reactions of haloalkanes reveals two 
distinctly different types of rate laws. That is, we find two ways in which the rate varies with 
changes in reagent concentrations. In both types of instances we observe that the reaction rate 
changes in proportion to the concentration of the substrate (haloalkane). However, in some 
instances we find that the rate of reaction is proportional to the concentration of the nucleophile, 
while in others it is independent of the concentration of the nucleophile. These observations 
suggest that there are (at least) two different mechanisms by which nucleophilic substitution 
can occur. The observed rate dependencies are shown in Table 12.1 with their common desig- 
nations of Sxl and Sy2, unimolecular nucleophilic substitution and bimolecular nucleophilic 
substitution, respectively. 


12.4 BIMOLECULAR NUCLEOPHILIC SUBSTITUTION 
($м2) REACTIONS OF HALOALKANES 


GENERAL CONSIDERATIONS 


Bimolecular nucleophilic substitution reactions (5қ2 stands for substitution [S], nucleophilic [М], 
bimolecular [2]) are conceptually the simpler of the two reaction types (Sy1 and Sy2) that we will 
now consider in some detail. In an Sy2 reaction, the rate of product formation is found to be 
directly proportional to the concentration of each of the nucleophile and haloalkane reagents. This 
Observation is consistent with a mechanism in which both nucelophile and haloalkane substrate 


ТАВІЕ 12.1 Rate dependencies for Nucleophilic Substitution Reactions of Haloalkanes. 


rate = k(RX] 551 (first-order kinetics) 
rate = k(RX][Nu:] 5х2 (second-order kinetics) 
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are involved in the rate-determining step of the reaction. The rate-determining step is therefore 
bimolecular; it involves a collision of two species. Increasing the concentration of either species 
increases the number of collisions in the rate-determining step, and the observed reaction rate 
increases. 


THE HALOALKANE 


The ease with which 5қ2 reactions occur is highly dependent on the structure of the alkyl group 
to which the halogen is attached. Specifically, the greater the degree of branching at the elec- 
trophilic site (the one to which the halogen is attached) or at the adjacent site, the slower is the 
rate of the 542 reaction. Highly branched haloalkanes usually react only very slowly with a 
nucleophile by the S42 mechanism. (However, they may react via the Syl mechanism, in which 
situation the rate of reaction could be quite rapid. We will discuss this possibility later.) 
Table 12.2 illustrates the effects of such branching at both the electrophilic site and the adjacent 
site for an 542 reaction. 

The tendency to undergo 52 reaction drops markedly as the substrate changes from a 
methyl to a primary to a secondary to a tertiary haloalkane. That is, branching at the electrophilic 
site drastically decreases the rate of Ше 572 reaction. 

Although all of the entries on the right-hand side of Table 12.2 are primary bromoalkanes, 
it is clear that branching at the site adjacent to the point of attachment of the halogen is impor- 
tant in regard to the rate of reaction. With increased branching at this position there is a 
continuous drop in reaction rate. 


THe NUCLEOPHILE 


A wide variety of nucleophiles take part іп 5қ2 reactions. We will consider here five types that 
are of importance for mechanistic considerations and their synthetic utility. 


Nucleophilic Substitution by Hydroxide Ion or Water Haloalkanes may be 
converted into alcohols by treatment with hydroxide ion or water. Substitution of hydroxide for a 
halogen generally proceeds cleanly when the haloalkane is methyl or primary and there is no 
branching at the carbon adjacent to the electrophilic site. However, heating some haloalkanes 
(particularly secondary and tertiary haloalkanes) with aqueous hydroxide ion results in formation 


TABLE 12.2 Relative Rates of 5,2 Reaction of Bromoalkanes with Ethoxide lon in Ethanol. 


АЕ 


СНЗСН»ОГ +R—Br CH3CH; —0—R + Br 
Effects of Branching at the Electrophilic Site Effects of Branching at the Adjacent Site 
Bromoalkane Relative Rate Bromoalkane Relative Rate 
СЊВг 1600 СЊСЊВг 100 
СН;СН;Вг 100 СН;СН;СН;Вг 28.4 
(СН:)СНВг 1 (СНз)›СНСН.Вг 3.06 


(СНз)зСВг -0 (СНз)зССН,Вг 0.00043 
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of large amounts of elimination side products (alkenes—see Chapter 9). To avoid this, milder 
conditions have been developed to favor substitution over elimination. Solutions of water in hexa- 
methylphosphoric triamide (HMPT—11.1) can be used to obtain high yields of primary alcohols 
from primary haloalkanes and moderate yields of secondary alcohols from secondary haloalka- 
nes. Examples are shown in Equations 12.1 and 12.2. In these reactions, nucleophilic attack by 
water on the iodoalkane first produces a protonated alcohol (an oxonium ion) which then loses a 
proton to form the observed product. 


НО, HMPT 
CH3CH;CH;CH;CH;CH;CH5CH, I aS 


1-iodoóctane 100°C 


CH3CH,CH,CH,CH,CH,CH,CH,0H 
1-octanol 
95% yield (Eq. 12.1) 


H50, HMPT 
CH3CH,CH,CH,CH,CH, — СНСН; ----------і- 
| 100°C 


240405 
iodoóctane CH3CH,CH,CH,CH,CH, —CHCH3 
| 


2-octanol OH 
75% yield (Eq. 12.2) 


Nucleophilic Substitution by Alkoxide Ion Alkoxide ions are the conjugate bases 
of alcohols. We form alkoxide ions by treating an alcohol with a strong base or an electroposi- 
tive metal, such as sodium or potassium. The alkoxide ions thus generated are, like hydroxide 
ion, not only strong bases but potent nucleophiles. 

The use of alkoxide ions to effect nucleophilic substitution reactions of haloalkanes, again like 
the use of hydroxide ion, suffers from competing elimination side reactions (in which the alkox- 
ide ion acts as a base). Halomethanes and primary haloalkanes without branching at the carbon 
adjacent to the electrophilic site are the best substrates for alkoxide ion substitution reactions 
because the competing elimination reactions are least important for such substrates. Although sec- 
ondary and branched primary haloalkanes do give substitution reactions, competing elimination 
reactions are more likely to occur. Similarly, tertiary haloalkanes yield mainly (or completely) 
alkenes upon reaction with alkoxide ions—elimination strongly dominates over substitution. More 
will be said concerning these competing elimination reactions later in this chapter. 

The products of the alkoxide substitution reactions with haloalkanes are ethers. The reaction, 
commonly known as the Williamson ether synthesis, is one of several major methods for the 
preparation of ethers. Two examples of ether syntheses using this approach are shown in 
Equations 12.3 and 12.4. (We will discuss the synthetic aspects of the Williamson ether synthesis 
in detail in Chapter 14.) 
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Clau "ОД Іі 
—> 
| СН,О Nat СН;ОСН; 


6-hydroxymethyl- 


6-methoxymethyl- 
5,6-dihydropyran 


5,6-dihydropyran 
91% yield 
(Eq. 12.3) 


NaH си 
CH3(CH,);CH,OH ——> CH3(CH,);CH,O7 Nat —3—» CH3(CH)s CH; OCH 


1-heptanol 1-heptyl methyl ether 
40% yield 


(Eq. 12.4) 


When the Williamson ether synthesis is applied to a chiral haloalkane (stereogenic at the car- 
bon atom bearing the halogen), there is an inversion of configuration at that site. An example 
using optically active 1-chloro-1-phenylethane is shown in Equation 12.5. 


H 
H СН; 
* NaOCH;CH + 
НЗС. e ны " CH4CH;O E 
C&Hs 
(S)-1-ethoxy-1-phenylethane 
(R)-1-chloro-1-phenylethane 43% yield 
92.5% optical purity 
(95% inversion) (Eq. 12.5) 


Inversion of configuration about the electrophilic carbon atom is a phenomenon observed 
with all 5,2 reactions. Such observations lead to a presumption regarding the nature of the reac- 
tion: for successful reaction the nucleophile must approach the electrophilic carbon from the 
back side (the side opposite the leaving group). More will be noted concerning this particularly 
important aspect of 52 reactions in following sections of this chapter. A final point is that, 
although the reaction shown in Equation 12.5 proceeds with virtually complete inversion of 
configuration, the yield is only moderate because a significant amount of the starting material 
(the haloalkane) is consumed in the competing elimination reaction. 


Nucleophilic Substitution by Halide Ion We find that iodoalkanes are often preferable 
to other haloalkanes in preparative reactions. For example, iodoalkanes usually form Grignard 
reagents more readily than do the corresponding chloro- and bromoalkanes. However, haloalkanes 
are usualy prepared from alcohols, and, in general, it is simpler to convert alcohols to chloro- or 
bromoalkanes than to iodoalkanes. Fortunately, it is a relatively simple matter to convert a chloro- 
or bromoalkane to to ап iodoalkane using an 532 reaction with iodide ion as the nucleophile. 
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The Sy2 reaction of iodide ion with a haloalkane is sometimes known as the Finkelstein 
reaction. It is one of the simplest of the organic reactions to perform. Sodium iodide is dissolved 
in acetone (propanone) or butanone, and the chloro- or bromoalkane is added to it, usually at 
room temperature. We can monitor the progress of the reaction by observing the formation of a 
precipitate of sodium chloride (or sodium bromide). When the precipitation is complete, the 
organic product can be isolated by removal of the inorganic salt by filtration, followed by evap- 
oration of the solvent. Two examples are shown in Equations 12.6 and 12.7. 


ү Вг ін CHI 
a 

ВгСН, E —CH,Br о ICH, a I + NaBr { 

CH,Br СН; C(O) CH; CH; Сн, 
1,3-dibromo-2,2-dibromomethylpropane 1,3-diiodo-2,2-diiodomethylpropane 

89% yield 
(Eq. 12.6) 
О О 
Nal I 
Cl 
CH; С(О)СН, СН; 


БЕТ is 2-iodoethyl benzoate 
-chloroethyl benzoate 81% yield (Eq. 12.7) 


As is typical with 5қ2 reactions, primary haloalkanes react more rapidly than do secondary 
haloalkanes, which in turn react more rapidly than do tertiary haloalkanes. The Finkelstein reac- 
tion is an equilibrium that is forced to the iodoalkane side by the precipitation of the by-product 
sodium chloride (or sodium bromide). High yield conversions are obtained because the reactant 
sodium iodide is soluble in the reaction medium, but the by-product salts (NaCl or NaBr) are 
not. We will say more about the Finkelstein reaction shortly, as it is a reaction that has been crit- 
ical in establishing the full mechanism of 542 processes. 


Nucleophilic Substitution by Cyanide Ion The formation of new carbon-carbon 
bonds is a topic of great significance in organic synthesis. The substitution of halide by cyanide 
generates a new carbon-carbon bond, increasing by one the number of carbon atoms in the 
organic molecule. An example of this reaction is shown in Equation 12.8. 


NaCN 
dimethyl sulfoxide 


1-cyanobutane 


1-b but 
romobutane 92% yield (Eq. 12.8) 
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The product in this reaction, an alkyl cyanide, is also known as a nitrile. The preparation of 
a nitrile from a haloalkane is a useful reaction in multistep syntheses. As we will see in later 
chapters, nitriles serve as precursors for a host of other functional groups. 

Dimethyl sulfoxide (DMSO, 12.1), the solvent used for the reaction of Equation 12.8, is a 
most efective solvent for many Sy? reactions in which the nucleophile is anionic. 


H3C 


12.1 


Such reactions often occur at a much faster rate in DMSO than in solvents such as water and 
alcohols. The reason is presumed to be that anions are well solvated in such protic solvents as 
water and alcohols, but are porrly solvated in DMSO. As a solvent, DMSO is able to solvate 
cations well because it can associate with the positive charge by using its electron rich oxygen 
atom. However, it is not so effective in solvating anions. First, the electron-deficient sulfur atom 
is buried within the molecule, making it relatively inaccessible for interaction with anions. 
Secondly, DMSO cannot act as a hydrogen donor in a hydrogen bond involving anions as it 
contains no hydrogen atoms bound to electronegative atoms. DMSO is an example of a polar 
aprotic solvent—one that is polar, but not able to donate a hydrogen atom in hydrogen bond- 
ing. Such solvents аге the preferred choice for 532 reactions in which the nucleophile is an anion 
that is not among the most reactive under ordinary circumstances—DMSO and similar solvents 
leave the anion relatively unsolvated (“naked”) and free for reaction. (The anions of salts 
dissolved in solvents containing ionophores such as crown ethers are also relatively naked—see 
the Special Topic Supramolecular Effects in Chapter 3.) 


Nucleophilic Substitution by Ammonia So far, almost all of the nucleophiles we 
have discussed have been anionic, that is, negatively charged. However, neutral molecules can 
also behave as nucleophiles. We have already seen that water plays this role in some reactions. 


Special Topic 


Dimethyl Sulfoxide 


Although the toxicity of DMSO itself is rather low (LDso oral ~4g/Kg; i.e. the lethal dose to 50% of 
test subjects is approximately 4g per Kg of body weight), it is rapidly absorbed through the intact 
skin. Many materials dissolved in DMSO are carried with it through the skin and into the blood- 
stream. Included among these materials are cyanide salts and a variety of other toxic agents. Thus, a 
DMSO solution of sodium cyanide is a powerful contact poison and must be used with extreme 
care—gloves do not protect against spills and a spill can be quickly lethal. 

In spite of this action, dimethyl sulfoxide has potential for beneficial health use. Aside from 
reported direct therapeutic effects, many of which have been seriously disputed, DMSO might prove 
to be an agent suitable for “needleless injections.” For example, DMSO is known to enhance the 
uptake of insulin across intact tissue membranes. 
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Ammonia, NH3, is also a good nucleophile that 
can bring about substitution reactions on 


Chemical Biography 


haloalkanes. The organic products of the reaction HANS FINKELSTEIN 
of ammonia with haloalkanes are amines. An b. 1885 
example is shown in Equation 12.9. Reaction d. 1938 
proceeds by way of an initially formed alkylam- Ph.D. University of Strasbourg 
monium ion, as shown in Figure 12.4. (Thiele) 1909 
МН; 
Еа ды ы М Bu ---- Ра А Тато mo 
CH30H 
1-bromoheptane 1-heptylamine 


47% yield (Eq. 12.9) 


There is a complication to the ammonia substitution reaction. Notice that the product amine 
has an unshared electron pair on nitrogen. This unshared electron pair makes the amine product, 
like ammonia itself, a potential nucleophile. In fact, with an alkyl group attached to the nitrogen, 
the amine is an even more potent nucleophile than is ammonia. Thus, if the concentration of the 
amine product is allowed to increase relative to that of ammonia, further reaction of the amine 
product can occur, as is illustrated in Figure 12.5. If we wish to isolate the primary amine product 
(only one alkyl group attached to nitrogen), it is often useful to employ an excess of ammonia. In 
Chapter 20 we will also consider other procedures that we can use for the preparation of primary 
amines in good yields, free of secondary and tertiary amine side-products (two and three alkyl 
groups attached to the nitrogen). 


na + 
HN + R-X — ЊМ-Е + Х 


followed by 


+ = + 

њи _/ 

FIGURE 12.4 Formation of an amine by reaction of ammonia with а haloalkane. The initial 
reaction of ammonia and a haloalkane produces a protonated amine (an 
alkylammonium ion). Then, an equilibrium involving proton exchange with 
another molecule of ammonia generates the unprotonated amine product 
and an ammonium halide as the by-product. In order to have complete 


conversion of the haloalkane into amine, at least an extra equivalent of 
ammonia is required. 


372 ORGANIC CHEMISTRY 


а + 
H,RN: + R-X ------- H,RN-R' +Х | 
МЕ 
followed by 


+ Е + 
пе + МН; —— HRNR' + H4N 


в. Л 


FigurE 12.5 Continued reaction of a primary amine with a haloalkane. A primary amine 
is a stronger nucleophile than is ammonia. Thus, as the concentration of the 
primary amine increases in the reaction mixture, continuing reaction becomes 
more likely, leading to the formation of secondary amine side-product. 


MECHANISM OF THE 512 REACTION 


In our discussions of specific 542 reactions we have noted several points that tell us about the 
mechanism of the overall process: 


* The reactions are first order in both haloalkane and the nucleophile, that is, second order 
overall. We infer that one molecule of haloalkane and one molecule (or ion) of nucle- 
ophile are involved in the rate-determining step of the reaction. 


* Reaction rates vary with substitution about the electrophilic carbon. Halomethanes react 
more rapidly than do primary haloalkanes, which in turn react more rapidly than do 
secondary haloalkanes. Tertiary haloalkanes react very slowly, if at all, in Sy2 processes. 
In general, the ease of approach of the nucleophile to the back-side of the electrophilic 
carbon is of dominant importance for 5қ2 reactions. 


* The 5қ2 reactions proceed with inversion of configuration about the electrophilic carbon. 


A critical experiment for underestanding exactly what is happening in ап Sy2 reaction process 
is provided by a particularly way of performing the Finkelstein reaction. (The work of Hughes 
and Ingold in this regard has been critical for understanding details of substitution reactions.) 

Suppose we begin the Finkelstein reaction using an optically active haloalkane, such as the 
(R)-2-1odoóctane, in butanone solution, а typical solvent for the process. (This is unusual consid- 
ering the synthetic aspects we have previously considered, in which a bromide or chloride were 
being displaced from carbon—here an iodide is to be displaced by another iodide.) We now add to 
the medium our sodium iodide, the species that provides the nucleophile for the process. But, the 
sodium iodide we add involves radioactive iodide ion, whereas normal, non-radioactive iodide is 
present in the (R)-2-10doóctane. In this way radioactive iodide will be displacing non-radioactive 
iodide from the organic component, incorporating the radioactive unit in the organic portion and 
diluting the radioactivity of the inorganic component by the released non-radioactive iodide ion. 
We now have two ways of following the course of the reaction, during its initial stages. (This is an 
important point to which we shall return.) We can follow the rate of incorporation of radioactive 
iodide into the iodoalkane component, measuring a rate constant for that process, referred to as Кі. 
We can also follow the course of the reaction by watching the change in optical activity of the reac- 
tion medium and thereby measure a rate constant, referred to as ky, for that aspect of the reaction. 
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It should be noted that the concentration of sodium iodide never changes in this reaction. For 
each iodide consumed in generating product, another iodide is released by the displacement process. 
The one consumed (initially), however, is radioactive, and the one released is non-radioactive. 

Measuring k; and Ко simultaneously, for the initial stages of the reaction, it is observed that 
they are not the same. In fact, ka is exactly twice the magnitude of kı. This observation completely 
defines the mechanistic nature of the Finkelstein (532) reaction! Every time a displacement occurs, 
the optical activity of two chiral starting molecules is lost. We can see this clearly with the evalu- 
ation of the reaction as shown in Figure 12.6. Ап (R)—starting molecule generates a product 
(S)—molecule, which counteracts the optical activity of yet another (R)—starting molecule. 

There is an additional intriguing consequence for this investigation. Remember, we noted that 
we looked at the rates during the initial stages of the reaction. Suppose we were to allow the reac- 
tion to continue for an extended period of time. Ultimately, any iodide ion in the medium could 
react with any iodoalkane present. We anticipate, and find, that on standing for an extended period 
of time not only is the organic reagent completely racemized but that the radioactivity is evenly 
distributed between sodium iodide and the 2-iodoéctane. These investigations completely define 
the nature of 5қ2 reactions, which we summarize in the following considerations. 

A nucleophile approaches the electrophilic substrate from the side opposite that occupied by 
the departing halide ion (back-side attack). As the nucleophile donates an electron pair to the 
electrophilic carbon site, the carbon-halogen bond begins to break. The overall reaction occurs 
with inversion of configuration about the electrophilic carbon site as illustrated in Figure 12.7. 

The reaction progress diagram for the Sy2 reaction (Figure 12.8) exhibits a single energy 
maximum, as is the situation for all one-step reactions. Increasing substitution about the 


Starting Material Product 
Ж УД compensate for each other 
(R) (R) 
(R) (R) 
(R) (R) 
(R) (R) 
(R) (R) 
(R) (R) 
(R) (R) 
(R) (R) 
excess of 10 (R) species excess of 8 (R) species 


Figure 12.6 The Finkelstein reaction involving a chiral substrate and iodide leaving 
group. Although only one of the initial 10 (R)-2-iodoóctane molecules has 
undergone reaction producing (S)-2-iodoóctane (as would be indicated by 
incorporation of radioactivity in the organic 2-iodoóctane—k;), the optical 
rotating power of the solution is decreased by two units from the initial 
optical rotating power (as indicated Бу Ко). There is an excess of only 8 (R)-2- 
iodoóctane molecules after one conversion has occurred. This is in accord with 
the contention that each conversion occurs by a back-side attack of 
nucleophile on substrate inverting the configuration at the stereogenic site. 
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electrophilic carbon site results in steric crowding in the activated complex, which is shown 
in more detail in Figure 12.9. Steric crowding results when atoms approach closer than the sum 
of their van der Waals radii. Energy input is required to overcome these repulsions. Reactions 
in which steric crowding is a major factor occur more slowly than do those where steric 
crowding is minimal. 


an activated complex, 
not an intermediate 


FIGURE 12.7 Geometry of the 5,2 reaction. Attack on the eletrophilic site by the nucleophile 
occurs from the back-side, that opposite the one occupied by the leaving group. 
Inversion at the site of displacement occurs. 


activated complex 


Potential 
energy 


Progress of reaction шиш; 


Ғісиве 12.8 Reaction progress diagram for the 5,2 reaction. The incoming nucleophile 
may be neutral or (as shown here) negatively charged. If it is neutral, the 
attacking atom will bear a positive charge in the product. 
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Nu:— №ъ№:- 


Figure 12.9 Steric effects іп 5,2 reactions. The back-side approach of a nucleophile to 
primary, secondary and tertiary haloalkanes is depicted. The illustrations on 
the far right provide a view from the vantage point of the attacking 
nucleophile, sighting from the carbon side along the C-X bond. With 
increased substitution about the electrophilic carbon. there is increased 
crowding in the activated complex. 


Molecular Orbital Analysis 


Sn2 Reactions 


It is quite useful to consider the molecular orbitals involved in 5қ2 transformations. Such consider- 
ations help us to understand how these reactions occur and explain the several critical factors of the 
process. 

Remember, we can analyze most organic reactions in acid/base terms; one species is donating an 
electron pair, and the other is accepting the electron pair. In any such system of electron-pair-dona- 
tion/electron-pair-acceptance, the orbitals most likely to be involved are the Frontier Molecular 
Orbitals, those occupied and empty orbitals of the two components that are closest to each other in 
energy. The species serving as the base (Lewis base—the nucleophile) will thereby use its highest 
energy occupied orbital (HOMO) and the species serving as the acid (Lewis acid—the electrophile) 
will use its lowest energy unoccupied orbital (LUMO). 
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We must discern what the involved HOMO and LUMO are. Considering the HOMO, suppose our 
nucleophile is an iodide ion, as in the Finkelstein reaction. (We may certainly consider other nucle- 
ophiles, but this is one of the simplest for beginning considerations.) The highest energy electron pair 
in the iodide ion occupies the 5p level. All other electrons are in lower energy levels, are held more 
tightly to the iodine nucleus, and are thereby less likely to participate in such a reaction. Our HOMO 
for this system may thereby be considered as: 


5p 


The orbital accepting these electrons must be associated with the electrophile at the C—X link- 
age (X = Cl or Br). This must be an empty orbital, and the LUMO at this site (indeed, within the 
entire molecule) is then 6% orbital of the C—X linkage. The exact shape will vary slightly depend- 
ing on it being Cl or Br, but, in either instance, it will have the general disposition as shown below. 
Remember, compared to the б (bonding) orbital the 6% will have an additional node located 
between the nuclei and the density distribution will be opposite to that of the O orbital, which has 
greater density distribution toward the more electronegative atom. Thus we conclude that О and о" 
have the shape: 


с (full) 6* (empty) 


For the (full) 5p orbital to interact with the (empty) O* orbital and generate a new б bond (as we 
observe experimentally), it must approach at a point along the С-СІ linkage where a significant com- 
ponent of the empty orbital lies. The largest lobe of the empty orbital lies directly opposite 
the location of the Cl relative to the C of the С-СІ linkage, and we may picture this approach as 
involving: 


This approach provides the most efficient overlap for new bond formation. As this occurs, the 
chloride anion departs from the side opposite that of iodide attack, taking with it a pair of electrons, 
derived from the full 6 molecular orbital for the original С-СІ linkage. 
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We can show this on an energy diagram as follows: 


Nucleophile Products Electrophile 
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This molecular orbital analysis accounts for all of the experimental observations regarding the 
52 process. That is, the two reagents collide and are converted to products in a single step, the nucle- 
ophile approaching the electrophilic site from behind the leaving group, leading to inversion of 
configuration at the electrophilic site. 


SOLVENT EFFECTS IN 512 REACTIONS 


The effect of solvent on an 5х2 reaction of a haloalkane depends on the nature of the nucleophile 
being used. For reactions in which an anionic nucleophile attacks the haloalkane, decreasing the 
polarity of the reaction medium slightly speeds the reaction. In the activated complex of such an 
52 reaction, negative charge is dispersed over two atoms (see Figure 12.7), and so the activated 
complex is less polar than the reactants. A less polar solvent thus favors the activated complex 
over the reactants, and the reaction is speeded. 

However, for reactions involving neutral nucleophiles, increasing the polarity of the reaction 
medium speeds the reaction. In this type of reaction the activated complex is more polar than the 
reactants. The charge development that occurs is supported by a polar solvent that can provide 
external stabilization. 

Another important point was introduced earlier. Polar aprotic solvents (such as DMSO) 
speed the reaction of anionic nucleophiles in 52 reactions (compared with polar protic solvents, 
such as ethanol). For example, in aqueous ethanol, treatment of 1-chlorobutane with sodium 
cyanide at reflux for ninety hours gives the nitrile in 8596 yield. When DMSO is used as the 
solvent, the same product is obtained in 9396 yield in fifteen minutes. The DMSO is solvating 
the cation, but not the anion, leaving the anion free to undergo reaction readily. 
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Special Topic 


Alkylation of Nucleic Acids 


Nucleophilic substitution reactions in which a nitrogen atom bearing an unshared electron pair 
replaces a halide on an electrophilic carbon are common. Amines in biological systems undergo 
these reactions, as do ammonia or other amines in ordinary laboratory operations. This reaction is a 
type of alkylation (addition of an alkyl group to an electronegative atom), and the haloalkanes are 
known as alkylating agents. 

Reaction can occur between a haloalkane and an amino nitrogen that serves as a functional group 
of a nucleic acid. Such reactions can have far-reaching consequences for subsequent biological 
processes of the nucleic acid. For example, suppose a guanine residue of a nucleic acid has been 
alkylated by an iodoalkane. Once the guanine residue has been so alkylated, its ability to participate 
in hydrogen bonding is changed (see “Hydrogen Bonding in Biological Systems” in Chapter 3). As a 
result, the normal chemical recognition of the guanine residue is changed and a misreading of the 
genetic information can result. Such alkylations of nucleic acid residues in an organism can lead to 
mutagenesis and carcinogenesis. Accordingly, haloalkanes and other alkylating agents should always 
be handled with extreme care. 


12.5 UNIMOLECULAR NUCLEOPHILIC SUBSTITUTION 
REACTIONS (Sy1) OF HALOALKANES 


The rate of unimoleular substitution reactions is directly proportional to the concentration of 
substrate only—it is independent of the concentration of the nucleophile. Nucleophilic substitu- 
tion reactions exhibiting this concentration dependence are classified as Syl reactions 
(substitution, nucleophilic, unimolecular). 

It may seem intuitively strange that the concentration of a nucleophile could have no effect 
on the rate of production of product in a nucleophilic substitution reaction. (In fact, there does 
exist some dependence of the presence of nucleophile—in the extreme, if no nucleophile were 
present, no product could be formed. We are considering here variation of the nucleophile con- 
centration beyond the presence of an equivalent amount required to produce product.) This 
independence simply means that the nucleophile is involved after the rate-determining step has 
occurred. A simple analogy can help us to understand this phenomenon. 

Imagine a collection of tennis balls falling through a funnel with a neck of a size such that 
only a single ball can pass at a time (see Figure 12.10). Upon passing through the neck of the 
funnel the ball falls into another funnel with a 
much wider neck, and then drops through this 
wide-neck funnel into a basket. If we place a 
large number of balls in the upper funnel they 
will drop from it slowly simply because of its 
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EDWARD Davip HUGHES 


b. 1906 narrow neck. However, every time a ball enters 
d. 1963 the lower funnel, it exits without delay. The rate 
Ph.D. University of Wales of balls entering the basket is independent of the 


(Watson) 1930 second funnel, as long as the neck is sufficiently 


wide not to hinder their passage. 
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Figure 12.10 Tennis ball/funnel analogy of an 5,1 reaction. Once the dropping of the 
tennis balls has begun, the rate at which they enter the basket is the same as 
the rate at which they drop from the top funnel. The second funnel serves 
only to guide the balls into the bucket—it doesn't change the rate of balls 
entering the basket as long as its neck is sufficiently wide. 
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In our analogy, the balls in the upper funnel represent the haloalkane. The upper funnel repre- 
sents the initial reaction process of the haloalkane. The reaction (passage through the first funnel) 
generates an intermediate (the dropping tennis ball) that can participate in a further reaction (guid- 
ance by the second funnel). The first process occurs rather slowly; it is the rate-determining step 
for the overall reaction (transfer of tennis balls). The second funnel represents the reaction of the 
intermediate with the nucleophile. Every time an intermediate species is generated, the second step 
occurs very rapidly. The second step does not slow the overall reaction but simply directs the inter- 
mediate to a product of a specific structure (tennis balls in the basket). 

The Syl reaction occurs in (at least) two steps. Whenever two reagents react with first-order 
kinetics, more than one step must be involved. One reagent is involved in the rate-determining 
step, and the other reagent is involved after the rate-determining step. Let us now consider some 
important aspects of nucleophilic substitution reactions exhibiting first-order kinetics. 


THE HALOALKANE 


The order of reactivity of haloalkanes in Sy1 reactions is the reverse of their reactivity in 5 42 reac- 
tions. Tertiary haloalkanes undergo Syl reactions much more rapidly than do secondary 
haloalkanes; secondary haloalkanes in turn react in Syl processes more readily than do primary 
haloalkanes. Halomethanes are not known to undergo Sy1 reactions. In contrast, allylic and ben- 
тус halides react extremely rapidly in Sy1 reactions. (We met allyl bromide and benzyl bromide 
in Chapter 11, structures 11.8 and 11.9. In general, allylic halides have an alkene linkage attached 
to the electrophilic carbon, and benzylic halides have a phenyl group, Ph (-С«Н5), attached to the 
eletrophilic carbon. Vinylic halides are those in which the halogen is attached to an olefinic carbon. 
Vinylic halides are generally unreactive in nucleophilic substitution reactions.) In summary: 


H 


CH Br 
НС =C 
CH;Br 
11.8 11.9 
allyl bromide benzyl bromide 
Relative Rates 541 
= X 
. жа 
allylic > 3° > 2° > 1° >> -СНъ X 
X 


vinylic 


benzylic 
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THe NUCLEOPHILE 


In principle, any Lewis base has the potential to serve as a nucleophile for Ше Sy1 reaction. 
In practice, the difficulty with many Lewis bases is not to get them to participate in 541 
reactions but to prevent them from performing other side reactions (eliminations). For 
example, consider the reaction of 2-methyl-2-bromopropane with water to form 2-methyl- 
2-propanol. 

When 2-methyl-2-bromopropane is allowed to stand in aqueous ethanol for an extended 
period of time, it reacts completely to form two products as shown in Equation 12.10. If we try 
to speed the reaction by adding sodium hydroxide, we actually isolate less alcohol, as shown in 
Equation 12.11. 


80/20 
ethanol/water 
(CH3)3C-Br | ————————-  (CH34C-OH +  (CH35C—CH; 
57 hours 
2-methyl-2-propanol methylpropene 
2-bromo-2-methylpropane (nucleophilic substitution 13% yield 
product) 
87% yield (Eq. 12.10) 
80/20 
ethanol/water 
(CH3)3C-Br — (CH3),C-OH + (СНз) С= СН, 
10 % NaOH 
24 hours — 2 methyl-2-propanol methylpropene 
2-bromo-2-methylpropane (nucleophilic substitution 26% yield 
product) 
74% yield (Eq. 12.11) 


Hydroxide is not only a more potent nucleophile than the water molecule—it is also a 
more potent base. When we use hydroxide ion in a nucleophilic substitution reaction with a 
tertiary haloalkane, we increase the formation of the alkene side-product. This side-reaction 
is again an elimination reaction. In general, with tertiary haloalkanes that undergo 51 reac- 
tions, increasing the basicity of the nucleophile increases the extent to which the elimination 
side-reaction occurs. 


SOLVENT EFFECTS IN Хуа REACTIONS 


It is found that 51 reactions of haloalkanes proceed faster in more polar solvents than they do in 
less polar solvents. (Recall that a measure of the polarity of a solvent is given by its dielectric 
constant—see Table 3.2.) This result suggests that either a highly polar intermediate or actual ions 
are involved in the Syl reaction. 
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STEREOCHEMISTRY ОҒ 511 REACTIONS 


In Equation 12.5 we considered the reaction of an optically active, substituted benzyl halide with 
ethoxide ion in an Sy2 reaction. The reaction proceeded with virtually complete inversion of 
configuration at the electrophilic center. Benzyl halides also undergo 51 reactions with great 
facility, even more rapidly than do tertiary haloalkanes. Consider the same optically active, sub- 
stituted benzylic chloride as used in Equation 12.5 in reaction with water under Sy1 reaction 
conditions. In this reaction we find first-order kinetics for the formation of the corresponding 
alcohol and the alkene side-product. The reaction is shown in Equation 12.12. 


H H 
H3C = H20 NER 
Pas CI — > — + CoH; CH=CH) 
C&Hs 
Cos styrene 
(S)-1-phenylethanol 
(R)-1-chloro-1-phenylethane 87% yield 
18% optical purity 
(59% inversion, 
41% retention) (Eq. 12.12) 


The stereochemical result here is quite different from the result with the second-order reac- 
tion in Equation 12.5. Here we find mostly racemization occurring. Although there is net 
inversion in the reaction, there is a tremendous loss of optical activity. We say that the reaction 
proceeds with 82% racemization. It is clearly nonstereospecific. This result is common in Syl 
reactions, regardless of the nucleophile. In Ху reactions where the electrophilic carbon site is 
stereogenic, there is a loss of optical activity. 


REARRANGEMENTS IN 511 REACTIONS 


Although primary haloalkanes generally exhibit second-order kinetics in nucleophilic substitu- 
tion reactions, we can induce them to undergo reactions that are zeroth order in nucleophile (that 
is, Syl reactions). For example, some primary haloalkanes form alcohols by the 51 route when 
treated with aqueous silver nitrate. However, the product alcohol is often of rearranged struc- 
ture compared to the starting haloalkane. An example is shown in Equation 12.13. The 
rearrangement that occurs is of the type we have seen before with carbocations. This and similar 
observations suggest that carbocations are involved as intermediates in Syl reactions. 


AgNO3 
(CH3)3C = CH, 2 (СНз)2С E CH, = CH3 + (СН3)С = СНСН; 
H,0 | 
ОН 
1-iodo-2,2-dimethylpropane 2-methyl-2-butanol 2-methyl-2-butene 


97% yield (Eq. 12.13) 
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MECHANISM OF THE 511 REACTION 


We have noted several points about Sy1 reactions from which we can infer their mechanism: 


* 


The reaction rate depends on the concentration of the haloalkane but is independent of the 
concentration of the nucleophile. 


The greater the alkyl substitution about the electrophilic center, the more rapidly the reac- 
tion proceeds. 


Benzylic and allylic halides proceed even more rapidly in Sy1 reactions than do tertiary 
haloalkanes. 


Increasing the basicity of the nucleophile leads to increasing amounts of elimination reac- 
tion in competition with substitution. 


Increasing the polarity of the reaction medium increases the rate of Sy1 reaction. 


* Reactions proceed principally with racemization about the electrophilic center. There is 


often some small net inversion of configuration. 


Skeletal rearrangements reminiscent of those of carbocations occur when haloalkanes are 
forced to undergo Sy1 reactions. 


In light of these data we can infer a mechanism for Sy1 reactions. Such reactions are under- 
stood to proceed as follows: 


Step 1 The haloalkane undergoes a slow dissociation (the rate determining step) to a 
carbocation and a halide ion. 


„СХ — ) + X` 


S я E А 
* / slow dissociation E 


(rate-determining step) 
carbocation with 


empty p orbital 


Step 2 The carbocation reacts rapidly with a nucleophile to generate the product with 
racemization about the electrophilic site. 


We can understand all of the data regarding Sy1 reactions via this mechanism. The observed 
rate of reaction depends only on the concentration of the haloalkane because the nucleophile is 
not involved until after the slow step of the reaction has occurred. First-order kinetics in a sub- 
stitution reaction implies that an intermediate is involved. We understand this intermediate to be 
a carbocation on the basis of relative reactivities of different haloalkanes, solvent effects, and the 
stereochemistry of the reaction. Tertiary haloalkanes give rise to the more stable tertiary carbo- 
cations and react more rapidly than other haloalkanes. Polar solvents stabilize carbocation 
intermediates and thus speed the reactions. The stereochemistry of the reaction involves a high 
degree of racemization at the electrophilic site. 

We might anticipate reactions involving carbocations formed at initially stereogenic centers 
to proceed with complete racemization. In the example shown in Equation 12.12 (and quite often 
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in other reactions), there is some small amount of net inversion that results from the leaving 
group (the halide) partially blocking the side from which it departed in the early stage of the 
reaction. If the halide ion is still close to the side from which it departed, an incoming nucle- 
ophile will be more likely to add from the opposite side. Complete racemization occurs when 
the carbocation survives long enough to be completely free of the leaving group. (Also note that 
if the carbocation captures the leaving group, the starting material is regenerated.) 


ENERGETICS IN THE 511 REACTION 


Consider a reaction progress diagram for ап Syl reaction (Figure 12.11). The activation energy 
for the formation of the carbocation depends on the structure of the carbocation. The less stable 
the carbocation, the higher the activation energy for its formation. 


activated complexes 


6 9 


R---X 


Energy carbocation 


intermediate 


R-Nu + Хх 


Reaction Coordinate L—» 


FIGURE 12.11 Reaction progress diagram for an 5,1 REACTION. An activated complex is involved 
in each step. The formation of the first activated complex is a relatively high- 
energy process (Е с) and thus is the slow step of the reaction. The second step 
has a relatively low activation energy (Е сь) and therefore is relatively rapid. The 
first activated complex occurs late (is formed in an endothermic process) and, 
according to Hammond's postulate, is structurally similar to the carbocation. 
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Let us consider competition between Sy1 and 5қ2 processes. Theoretically, we can consider 
at least two reaction progress diagrams for any nucleophilic substitution reaction—one for Syl 
and one for S42 type conversions. Figure 12.12 shows two such reaction progress diagrams for 
the reaction of iodomethane with hydroxide ion in water. 

We now compare competing Syl and 5қ2 processes for a similar reaction—the reaction of 
2-bromo-2-methylpropane with aqueous hydroxide ion. The reaction progress diagrams are 
shown in Figure 12.13. 

Consider again the reactions of 1-chloro-l-phenylethane we mentioned earlier 
(Equation 12.5 and Equation 12.12). You might wonder why one proceeded via an Syl 
mechanism and the other by an 5х2 route. The reason is that water (the reactant in the Syl 
reaction of Equation 12.12) is a poorer nucleophile than is methoxide ion (the reactant in 
the 5қ2 reaction of Equation 12.5). The effect of the low nucleophilicity of water on the rate 
of an Syl reaction is insignificant since it does not get involved until after the rate-deter- 
mining step. However, it does significantly affect Ше 5қ2 reactions, slowing them so much 
that the alternative Syl route beomes competitive or (as here) dominant. 

The examples chosen here are relatively clear-cut in terms of the actual mechanism 
involved because the activation energies for the competing Syl and 52 reactions are very dif- 
ferent. This is not always the situation, however, particularly with secondary haloalkanes. 
Furthermore, the detailed mechanism of a particular nucleophilic substitution reaction can be 
complicated by such factors as stability of the intermediate carbocations, the nature of solva- 
tion, and nucleophile potency. In the limiting cases, where the reactions are clearly Syl ог 
Sn2, the reactions are often of synthetic utility. In the non-limiting situations it is often 
difficult to prepare pure substitution products in high yields because of the formation of 
product mixtures from intermediate carbocations that undergo rearrangement and partial 
racemization. 


SUMMARY OF Хуа REACTIONS 


If we understand the following characteristics of Syl reactions, we can properly plan reaction 
systems and understand their results. 


+ In general, the mechanism of an Syl reaction of a haloalkane involves two steps. The 
first step is a slow dissociation of the haloalkane to a carbocation and a halide ion. This 
step is followed by a rapid combination of the carbocation with the available 
nucleophile. 


* Only haloalkanes that can form relatively stable carbocations tend to undergo the Syl 
reaction. 


* The intended nucleophile should not be a powerful base, because powerful bases tend to 
promote elimination as a side reaction. 


+ Polar solvents facilitate the Syl reaction of haloalkanes by stabilizing the polar activated 
complexes and the ionic intermediates. 


* Skeletal rearrangements can occur if the intermediate carbocation can undergo hydride or 
alkide shifts to generate a more stable carbocation. 


* Optically active haloalkanes that are stereogenic about the electrophilic site give substi- 
tution products with a high degree of racemization. 
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Energy 


CH40H 


Reaction Coordinate p 


5 


Energy 


Ec 


CHI + ОН" 


CH,0H + Г 


Reaction Coordinate Су 


SN2 


FIGURE 12.12 541 and 5,2 reaction progress diagrams for the reaction of iodomethane 
with hydroxide ion in water. For 5,1 reaction, formation of a very high 
energy (unstable) carbocation is required. This process thus has a very high 
activation energy. For the Sy2 reaction, no ionic intermediate is formed. 
Because the activation energy is lower than for the Sy1 process, substitution 
occurs via the Sy2 mechanism. 
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(CH3)3CBr 


(CH3),COH + Вг 


Reaction Coordinate су 
51 


(CH3)3 CBr + OH 


(CH3),COH +Вг 


Reaction Coordinate С> 
82 


FIGURE 12.13 5,1 апа 5,2 reaction progress diagrams for the reaction of 2-bromo-2- 
methylpropane with hydroxide ion in water. Because of steric crowding, 
the activation energy for the 5,2 reaction is greatly increased relative to that 
for the iodomethane reaction (Figure 12.12). Moreover, the activation 
energy for the rate-determining step of the 5,1 reaction is greatly decreased 
relative to the Sy1 reaction of iodomethane owing to the stabilization of the 
tertiary carbocation. In fact, for 2-bromo-2-methylpropane, the activation 
energy of its 541 reaction is less than that of its 5,2 route. The 2-bromo-2- 
methylpropane thus reacts via the Sy1 route. 
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12.6 MORE ABOUT NUCLEOPHILES 


CHARGE AND NUCLEOPHILICITY 


To serve as a nucleophile, a reagent needs an unshared electron pair that can be used to form a 
new bond. Although many nucleophiles are anions, a nucleophile can also be a neutral species. 
However, for a given atom serving as the reactive site in a nucleophile, increasing negative 
charge does make it a better nucleophile. Several examples are shown in Table 12.3. 

We find another systematic variation among nucleophiles that have the same charge but 
whose reactive sites are different elements of the same periodic row. Several examples are shown 
in Table 12.4. 

The variations shown in these two sets of nucleophiles are in the same direction as the vari- 
ation of their basicities. There are other variations of nucelophilicity that are not in the same 
direction as changes in basicity. However, we must use caution in making general statements 
about these variations since they are solvent dependent (different orders of nucleophilicity are 
found in different solvents). An example of such variations is found among the halide ions. In a 
solvent such as water, their nucleophilicities vary in the opposite direction from their basicities, 
as shown in Table 12.5. 


ТАВІЕ 12.3 Comparative Nucleophilicities of Anions and Related Neutral Species. The 
structures shown on the left are anionic. The related structures on the right 
(their conjugate acids) can also be nucleophiles, but they are neutral and 


are less nucleophilic. They give slower reactions with a particular elec- 
trophilic reagent (haloalkane) if the reaction proceeds via a bimolecular 
mechanism (5,2). 


Increasing Nucleophilicity 


HO- НО 
HS- HDs 
HN- H3N 
HP- ЊР 
CH3O- CH30H 
МС- НСМ 
CIF HCl 


CH; NH; OH- E 
МН; ОН» НЕ 
РН» SH- (СР 
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ТАВІЕ 12.5 Variation of Nucleophilicities and Basicities. 


Increasing Nucleophilicity 


= 


F- (CIF Вг ЈЕ 
HO- HS- HSe- HTe- 
НМ J HP- HS- H5Sb- 


Increasing Basicity 


NUCLEOPHILICITY VERSUS BASICITY 


It would seem reasonable that basic character (basicity) and nucleophilic character (nucle- 
ophilicity) should be related since both involve electron-pair donation to an electrophilic site. 
Relative base strengths and nucleophilicities often do parallel one another for a given series of 
compounds. However, there are also important exceptions (like those in Table 12.5) in which the 
order of reactivity for a particular group of Lewis bases when they act as Brgnsted bases is the 
exact reverse of their order when they act as nucleophiles. It is important that we understand 
these differences. First, we must stress that there are important differences in the ways we meas- 
ure and quantify these properties. 


Bases: BASICITY MEASURED IN TERMS OF AN EQUILIBRIUM CONSTANT 


Consider the reaction of a base, B:, as shown in Figure 12.14. It reacts by accepting a proton 
from the acid, water. 

Typically, acid-base reactions come to equilibrium extremely rapidly. The strength of the 
base is measured in terms of the position of equilibrium. A large K; indicates a strong base, and 
a small K; indicates a weak base. A stronger base is one that on reaction with an acid, HA, pro- 
duces a greater equilibrium concentration of A- than does some weaker base. Since К, is related 
to AG? (AG? z -RT InK), our definition of basicity is a thermodynamic one. 


NUCLEOPHILES: NUCLEOPHILICITY MEASURED 
IN TERMS OF REACTION ВАТЕ 


You should recall from earlier discussion that nucleophilicities are measured in terms of the 
rates at which nucleophiles react with a given substrate. Nucleophilic substitution reactions gen- 
erally do not come to equilibrium as quickly as do acid-base reactions. In light of this, a kinetic 
rather than a thermodynamic criterion is used to compare nucleophilicities. The relative rates of 
reactions of nucleophiles serves as a convenient measure of reactivity and are more useful than 
equilibrium constants in what will happen in a laboratory experiment. 

Why do basicity and nucleophilicity at times correlate inversely? One very important factor 
is solvation. Solvents play a major role in reactions beyond that of a passive medium in which 
the reagents happen to be dissolved. For example, in a protic solvent like water, halide ions are 
strongly solvated. This solvation stabilizes the anion and is the major driving force for the dis- 
solution of the salt in the first place. However, while solvation stabilizes ions, it also makes them 
less reactive. They react more slowly than otherwise because they must first shed the associated 
solvent molecules in order to react. 
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PA H ————»-  *B-H + НО“ 


Ку = ['B—H][ OH]/[B:] 


*B_H н ---» В: + H,0* 


Ка = [B:] ПО" V [^B -H] 


(К) (Kj) = Kw = [H30*][HO ] = 10714 


FIGURE 12.14 Basicity of B: and acidity of its conjugate acid, *B-H. The basicity of B: is 
assessed by the position of the equilibrium when it reacts with water. К, is a 
measure of the basicity of B:, as is pK» (-logK;). Alternatively, we can assess 
the basicity of B: by looking at the acidity of its conjugate acid, *B-H. Тһе 
acidity of *B-H is measured by looking at the position of the equilibrium 
when *B-H reacts with water. The Ka (or pK; = -log Ka) is a measure of the 
acidity of *B-H. For а base-conjugate acid pair, Kp and К, measured in water 
are related. The product of the two values, (K;)(K,), is the autoprotolysis 
constant of water, Ky, (10-14). The stronger the base, the weaker its conjugate 
acid. 


The degree of solvation is particularly important in influencing patterns of reactivity. For 
example, fluoride ion is more strongly solvated in water than are the other halide ions because 
of its small size and high charge density. Compared to iodide anion, fluoride anion is much 
smaller and compact. Its charge is associated with electrons at the second principal quantum 
level whereas with iodide the charge is associated with electrons at the fifth principal quantum 
level—the charge on iodide thereby is much more diffuse and polarizable than it is with fluo- 
ride. The result of this is that iodide is significantly less solvated than is fluoride. This solvation 
diminishes the rate at which fluoride reacts significantly so that it is a poor nucleophile com- 
pared to the other haldies. However, in a polar aprotic solvent such as DMSO, fluoride ion is a 
powerful nucleophile. Recall that DMSO is able to solvate cations well, but not anions. The 
DMSO leaves an anion relatively naked, and accordingly more reactive. 


12.7 ELIMINATION REACTIONS 


GENERAL 


In our earlier discussion of the substitution reactions of haloalkanes, we saw that there are com- 
peting reactions that generate alkenes. Even with primary haloalkanes under conditions 
producing good yields of substitution products, some alkene is usually formed as a result of an 
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elimination reaction; with highly branched haloalkanes, alkenes are the dominant products. 
Elimination reactions occur when the Lewis base we use with the substrate acts as a Brgnsted 
base rather than as a nucleophile. 


BEHAVIOR AS A BASE AND A NUCLEOPHILE IN THE SAME 
REACTION SYSTEM 


Given the proper reaction conditions, Lewis bases can behave as either nucleophiles or Bronsted 
bases. At times we can control the reaction conditions such that the Lewis base being used 
behaves only as a nucleophile ог only as a Brgnsted base. At other times we are not so capable 
(or fortunate)—with some haloalkane substrates in certain solvents, our Lewis base may act in 
one collision as a nucleohpile and in another as а Brønsted base. When the Lewis base acts as a 
nucleophile, the product is one of substitution. When the Lewis base acts as a Brgnsted base, the 
product is one of elimination and we obtain an alkene. In some instances the activation energies 
of the two modes of action are comparable and a mixture of products results. Elimination reac- 
tions are important competitors with substitution reactions. When the elements of hydrogen 
halide are removed from adjacent carbon atoms in these elimination reactions, the reaction is 
described as a dehydrohalogenation. 

Let us begin by considering some experimental results. Reactions of three bromoalkanes 
with ethoxide ion in ethanol are shown in Equations 12.14—12.16. 


B NaOCH;CH; 
„Т r —— > CH3CH;CH;OCH;CH; t CHCH = CH; 
HOCH;CH; 
ethyl propyl ether propene 
I-bromopropane 91% yield 9% yield 
(Eq. 12.14) 
NaOCH;CH; 
(СНз), CHBr ———-  (CH35CHOCH;CH; + СНЗСН = СН; 
HOCH;CH; | горене 
2_bromopropane ethyl isopropyl ether : 
PM 25% yield 75% yield 
(Eq. 12.15) 
NaOCH, CH; 
(CH3)3CBr_ — — — —- (СНУҘСОСН,СН; + (CH45C— CH; 
HOCH;CH; 
ethyl tert-butyl ether methylpropene 
2-bromo-2-methylpropane 0% yield 100% yield 


(Eq. 12.16) 


With a primary haloalkane (Equation 12.14), nearly 10% of the product is the result of an 
elimination reaction. With the secondary haloalkane (Equation 12.15), elimination is the domi- 
nant process, and only elimination (no substitution) is observed with the tertiary haloalkane 
(Equation 12.16). 
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If we are trying to perform a substitution reaction on a haloalkane, the competing dehydro- 
halogenation reaction presents a serious problem. However, if we understand the mechanistic 
characteristics of the elimination reaction, we should be able to minimize the difficulty. 
Moreover, we can use elimination reactions constructively to synthesize desired alkenes. 


Тшо MECHANISMS FOR ELIMINATION 


Elimination reactions of haloalkanes occur by means of (at least) two different mechanisms. 
These mechanisms are differentiated on the same basis as we differentiated substitution mecha- 
nisms, that is, their molecularity. 

In some instances the rate of elimination reaction is found to be directly proportional to the 
concentration of both the haloalkane and the base. These reactions are second order overall and 
have the following rate law expression: 

rate = k[RX][B:] 

where B: represents the base involved. Such reactions are referred to as E2 (elimination [E], 
bimolecular [2]) processes. The E2 process is the most common mechanism of elimination for 
simple haloalkanes (primary, secondary and tertiary). We met this reaction briefly in our earlier 
discussion of alkenes (Chapter 9). 

Some dehydrohalogenation reactions of haloalkanes show a rate that depends only on the 
concentration of the haloalkane: 


rate = k[RX] 
We refer to such processes as E1 (elimination [E], unimolecular [1]) reactions. El is the 


usual mechanism of elimination when a tertiary haloalkane is used with a weak base. (With 
strong bases the E2 mechanism is more common, even for tertiary haloalkanes.) 


THe €2 MECHANISM 


The rate of an E2 reaction depends on the concentrations of both the base and the substrate. Thus 
we expect that changing the nature of either of the reagents would affect the rate of elimination 
significantly. We will consider various aspects of the E2 process. 


€ffect of the Leaving Group The rate of an E2 reaction varies with the nature of the 
leaving group. The order of E2 reactivity for haloalkanes is: 


RI > RBr > RCI 


Not surprisingly, the compound with the weaker carbon-halogen bond reacts more rapidly. 
(Also remember the correlation between weaker base and the preferred leaving group; Г is a 
weaker base than the other halide ions [X | and is a better leaving group.) 


€ffect of Alkyl Group Structure In general, the rates of E2 reactions increase with 
increasing substitution about the electrophilic carbon. That is, 


3 ВХ >2° ВХ > 1° RX 


This order is the opposite of the order for $42 reactivities. Increasing substitution about the 
electrophilic carbon (a-branching) speeds the elimination reaction. We explain this phenomenon 
in terms of the developing л bond being stabilized by the attached alkyl groups. (Recall from 
Chapter 10 that more highly substituted т bonds are more stable than less highly substituted 
ones.) 
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Concerted Nature of the €2 Reaction There are kinetic similarities between the 
SN2 and E2 reactions. Fundamentally, Ше 542 reaction involves both nucleophile and 
haloalkane in the rate-determining step. It is a concerted reaction in the sense that both bond 
breaking and new bond making at the electrophilic carbon occur in the same step. 

The E2 reaction of a haloalkane is also a concerted process. Both the base and the 
haloalkane are consumed in its only step, which therefore must be the rate-determining step. 
Thus it is necessary for both the carbon-hydrogen and the carbon-halogen bonds to begin to 
break in concert. At the same time as bonds are being broken, new bond formation is occur- 
ring. Both the bond between the base and the hydrogen removed from the substrate, as well as 
the new л bond аге beginning to form. 

Consider, in this context, the reaction of an alkoxide ion with a primary haloalkane. With 
regard to substitution, this reaction constitutes a reasonably good method for the synthesis of ethers 
via 52 reaction. However, elimination also occurs to a certain extent in this reaction system. In 
addition to being a good nucleophile, alkoxide ion is a good Bronsted base. If the alkoxide ion 
approaches a hydrogen on a carbon adjacent to the eletrophilic carbon (a B-hydrogen), it can use 
an electon pair to begin bonding to that hydrogen. The competing routes of reaction are illustrated 
in Figure 12.15. For the E2 process, reaction proceeds through an activated complex with partial 
bond breaking and bond making as shown below. 


Stereochemical Consequences of the Concerted €2 Reaction 4A feature of 
concerted reactions is that bond breaking is facilitated by the simultaneous bond-forming 
process. The energy release associated with partial formation of a new bond offsets to some 
extent the energy required to break an old bond. In the E2 reaction, hydrogen-oxygen o bond 
and carbon-carbon x bond formation occur simultaneously with carbon-hydrogen o and 
carbon-halogen o bond breaking. The concerted nature of the reaction has an important stere- 
ochemical consequence. 

For л bond formation to occur, the sp? hybridized carbon atoms must undergo a change in 
hybridization to sp? + p. The pair of atomic p orbital components on adjacent carbon atoms in this 
rehybridization should be parallel to each other in order that a т bond can form between them. 
A nonparallel relationship between these orbitals is inefficient for л bond formation. Figure 12.16 
shows a pair of arrangements that illustrate this stereoelectronic requirement. Unless the p orbital 
components from Ше two bonds being broken are parallel in the E2 process, simultaneous л bond 
formation can not occur. If no new л bond formation were to accompany bond breaking, the acti- 
vation energy for the process would be increased greatly, preventing reaction from occurring. 

A relatively low energy of activation for reaction is bought at the expense of a requirement 
for a particular conformation of the molecule to be involved during the elimination process. 
Only conformations that allow a parallel arrangement of the orbitals of the bonds being broken 
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substitution product 


elimination product 


FIGURE 12.15 Competing routes of substitution and elimination in the reaction of ап 
alkoxide ion with a primary haloalkane. In route A the alkoxide ion acts as 
a nucleophile, attacking the electrophilic carbon. In route B the alkoxide ion 
acts as a Bronsted base attacking the D-hydrogen atom. 


can take part in the concerted elimination process. A very high activation energy would be 
involved if the base removed a hydrogen in the first step to generate a carbanion intermediate, 
followed by loss of the halide in a second step. Reaction progress diagrams comparing these two 
considered routes are shown in Figure 12.17. 

In the first conformation shown in Figure 12.16, the developing p orbitals are parallel, and 
they can interact productively for the generation of a new л bond. In the second conformation, 
the developing p orbitals are nearly perpendicular; they have little or no interaction with each 
other. We describe the bonds connecting the carbon framework to the eliminated groups in the 
productive conformation as having a dihedral angle of 180°. A dihedral angle is defined by four 
points rather than the three we normally consider defining an ordinary angle. A dihedral angle 
is thus the angle between two intersecting planes rather than two intersecting /ines. For our pres- 
ent purposes, the dihedral angle refers to the angle made by a pair of bonds on adjacent atoms 
when viewed along the bond that joins those two atoms. This angle is best viewed in a Newman 
projection, as shown in Figure 12.18. 

The E2 reaction is favorable energetically when there is a dihedral angle of 180? between the 
eliminated groups. A conformation with a dihedral angle of 0? between these groups is also 
favorable for E2 reaction. As shown in Figure 12.19, a dihedral angle of 0? allows interaction of 
the developing p orbitals for x bond formation as both H and X are eliminated. 

The conformation with the dihedral angle of 180? between the eliminated groups is referred 
to as having an anti-periplanar arrangement of the p orbitals. The conformation having a dihe- 
dral angle of 0? with the eliminated groups is said to have a syn-periplanar arrangement of the 
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Ғісиве 12.16 Orientation of p orbital components for p bond formation in a 
dehydrohalogention reaction. (a) Notice the parallel arrangement of the p 
orbital components during the departure of the hydrogen and the halide 
from the haloalkane. Here the p orbital components are in a suitable 
position to interact and begin x bond formation as the original bonds are 
being broken. (b) The p orbital components are not parallel but are almost 
perpendicular. Since they are essentially orthogonal, they are unable to 
interact for л bond formation. 


p orbitals. Most E2 reactions proceed via the anti-periplanar arrangement, that is, through a 
staggered conformation (see Chapter 2). Some E2 reactions do proceed through a syn-periplanar 
arrangement (involving an eclipsed conformation), although these reactions are less common and 
generally occur when an anti-periplanar arrangement is not possible. 

The requirement for a parallel arrangement of the developing p orbitals in the E2 reaction of 
haloalkanes is quite strict. Elimination simply does not occur if the molecule is incapable of 
having a conformation that places the departing groups in the proper geometrical relationship. 
Elimination via the E2 route is a stereospecific process. 


Distribution of Alkene Products Consider the E2 reaction of 2-bromopentane when 
it is treated with potassium ethoxide as the base. (For the moment we will ignore any substitu- 
tion that occurs in the reaction.) Three alkene products are formed, as shown in Equation 12.17. 
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FigurE 12.17 Reaction progress diagrams for concerted and stepwise elimination 
reactions. When bond formation accompanies bond breaking, the 
activation energy is lower. If the base first removes a proton to form a 
carbanionic intermediate but there is no л bond formation, the activation 
energy is much higher. 
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Figure 12.18 The concept of dihedral angle. The four points defining the dihedral angle 
of interest are: (H-carbon 1-carbon 2-X). When viewed along the central 
bond (carbon 1-carbon 2) we see the dihedral angle as illustrated on the 
right. In this instance the dihedral angle is 180°. 


FicuRE 12.19 E2 reaction occurring with a dihedral angle of 0? between the groups being 
eliminated. With a dihedral angle of 0?, the developing p orbitals are 
parallel and in position to interact, providing x bond formation as the other 
two bonds are breaking. 


trans-2-pentene (38%) 


Br улу __ 
pun KOCH,CH3 
у» 


cis-2-pentene (14%) 


—/ \ 


1-pentene (23%) (Eq. 12.17) 
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There are several features of this reaction that merit analysis. First, a hydrogen atom can be 
removed as a proton from either C-1 or C-3. Removal of a hydrogen atom from C-1 leads to 
1-решепе, while removal from C-3 leads to either cis- or to trans-2-pentene. From the product 
distribution we can infer that most of the product derives from removal of a hydrogen atom from 
C-3 (the net yield of cis- and trans-2-pentene is 52%, more than double that of 1-pentene, which 
is only 23%). Why is there this regioselectivity? Also, we see that much more trans-2-pentene 
than cis-2-pentene is formed. Can we rationalize this difference? 

Let us first consider the question of removal of a hydrogen atom from C-3 vs. removal from 
C-1. Looking at the starting 2-bromopentane we can certainly see why both 1-репіепе and 
2-pentene products would be formed. There are hydrogens on both the 1-carbon and the 3-car- 
bon, and hydrogens at both sites can easily attain either an anti- or syn-periplanar arrangement 
with the bromine atom on the 2-carbon. In fact, three hydrogen atoms at the 1-carbon and two 
at the 3-carbon are available for elimination. Based solely on statistical arguments we would pre- 
dict 1-pentene to be the major product (3:2 compared to the 2-pentenes). However, less than half 
of the alkene actually formed is 1-pentene. Obviously, factors other than statistical considera- 
tions are involved. 

Earlier (Chapter 10) we inferred that internal alkenes are thermodynamically more stable 
than are terminal alkenes since terminal alkenes have higher heats of hydrogenation than do 
internal alkenes (reflecting the greater stability of the latter). Carbon-carbon л bonds are stabi- 
lized by alkyl substituents in a manner similar to the stabilzation of carbocations. 

The observed major product (trans-2-pentene) is the thermodynamically more favored of the 
three possible alkene products. However, since the reaction is irreversible under the conditions used, 
thermodynamics does not determine which product is formed. Instead, the product that is formed 
faster is the one we isolate as the major product. We say that the reaction is subject to Kinetic con- 
trol rather than thermodynamic control. We conclude that the activated complex leading to the more 
stable product is also lower in energy than those activated complexes leading to the less stable 
products—this is another example of the useful Hammond postulate. The postulate applies in this 
instance since the factors that govern the stability of a fully formed п system also govern the rela- 
tive stabilities of the developing x bonds. The activated complex occurs late and resembles the 
product alkene. The activated complexes leading to 1-pentene and to trans-2-pentene are shown in 
Figure 12.20, and the associated reaction progress diagrams are shown in Figure 12.21. 

Elimination reactions in which the thermodynamically more stable alkene is the dominant 
product (as in the reaction just discussed) are commonly referred to as having Zaitzev orienta- 
tion. In the nineteenth century the Russian chemist Alexander Zaitzev recognized the general 
pattern of product formation in this type of elimination reaction and formulated an empirical rule 
predicting the dominant product to be the more highly substituted alkene. 

The preference for Zaitzev orientation does not hold for all elimination reactions. Some reac- 
tions give a major alkene product that is not the most stable alkene. This type of reaction is said 
to follow Hofmann orientation. The nineteenth-century German chemist August Hofmann 
investigated elimination reactions in which the dominant alkene product is the one which has 
fewer alkyl groups attached to the olefinic linkage, that is, the less stable alkene. In E2 reactions 
of haloalkanes, Hofmann orientation is commonly found when particularly bulky bases are used. 

An example of the effect of changing the size of the base is found in the dehydrohalogena- 
tion of 2-bromopentane using potassium fert-butoxide. The yield of 1-рещепе is increased 
from 23% when ethoxide ion is used as the base (Equation 12.17) to 59% when tert-butoxide 
is used. 
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Starting Compound Acticated Complex Product 


H H 
H CH, CH, CH H CH, CH, CH 
0272773 H CH,CH,CH, H— n ore. = Y 2 2*3 
H H H H B HANH 
І í 
Br Br 


E2 reaction of 2-bromopentane to produce 1-pentene 


Br Br 
i Нн. „сн,сн 
H CH, CH 2743 
20868. А —CH,CH, Н -Сн,сн, шу Y 
H,C | H нус. H 3 HC/NH 
H H 


E2 reaction of 2-bromopentane to produce trans-2-pentene 


FIGURE 12.20 Structures of starting compound, activated complex, and product in 
competing E2 reactions of 2-bromopentane. The activated complexes each 
resemble their respective product alkene. The stabilization of the alkene is 
thus reflected in the respective stabilities of the activated complexes. 
Because the internal alkene has a greater thermodynamic stability than the 
terminal alkene, the activated complex leading to the internal alkene is also 
relatively more stable. 


Reaction Coordinate с» Reaction Coordinate c> 
formation of trans-2-pentene formation of 1-pentene 


FIGURE 12.21 Reaction progress diagrams for the E2 reactions of 2-bromopentane to form 
trans-2-pentene and 1-pentene. The activated complex in each reaction 
reflects the substituent stabilization present in the product. Since the 
stabilization of the internal alkene is greater than that of the terminal 
alkene, the activated complex leading to the internal alkene is lower in 
energy than that leading to the terminal alkene. That is, Е.с is less than 
Ега. The more stable product also forms more rapidly; its path of formation 
has the lower activation energy. 
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The preference for Hofmann orientation in the fert-butoxide reaction can be rationalized in 
terms of steric accessibility. Steric accessibility is greatest for methyl hydrogens and least for 
tertiary hydrogens. If Zaitzev orientation is to dominate, the /east sterically accessible hydrogen 
must be removed. With small bases, this is not a problem, so Zaitzev orientation is commonly 
observed. However, with bulky bases, such as tert-butoxide, the problem of accessibility is mag- 
nified. Steric constraints become a dominant consideration and Hofmann orientation results. 

A second question to consider in looking at the alkene product distribution is the relative 
amounts of cis- and trans-2-pentene (Equation 12.17). On a statistical basis we would expect 
equal amounts of the two products to be formed. There is one hydrogen on the 3-carbon that can 
be removed to form trans- and one that can be removed to form cis-2-pentene. However, the 
amount of trans-2-pentene formed is much greater than the amount of cis-2-pentene. We can 
understand this product distribution by again looking at the activation energies associated with 
reaching the activated complex for each product. 

We know from heats of hydrogenation 
Chemical Biog raphy (Chapter 10) that trans-2-pentene is thermody- 
namically more stable than is cis-2-pentene. 
This stability of the alkene is reflected in greater 
b. 1841 stability of the activated complex leading to the 
d. 1910 trans-2-pentene in an E2 reaction. The activated 
Ph.D. University of Paris complexes are compared in Figure 12.22, and 

(Marburg) 1865 the reaction progress diagrams are shown in 
Figure 12.23. 


ALEXANDER M. ZAITZEV 


Starting Compound Acticated Complex Product 
Br Br 
Боа CH,CH, H — CH,CH,.. H г» BMG 
H,C S ен De H He С J н н,с ЎН 
H H 
E2 reaction of 2-bromopentane to produce cis-2-pentene 
Br Br 
Ој " Gu dig. шй C сиси, D H 
нус С 2-н H,C | H НЗС нс“-н 
H H 


E2 reaction of 2-bromopentane to produce trans-2-pentene 


Figure 12.22 Reactant, activated complexes, and products in the formation of cis- 
2-pentene and trans-2-pentene by E2 reaction of 2-bromopentane. The 
steric crowding in cis-2-pentene raises its energy relative to trans-2-pentene 
and is reflected in the activated complex leading to it. As a result, formation 
of trans-2-pentene is faster. 
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Reaction Coordinate гс» Reaction Coordinate с» 
formation of trans -2-pentene formation of cis -2-pentene 


FIGURE 12.23 Reaction progress diagrams for the formation of cis-2-pentene and trans- 
2-pentene by E2 reaction of 2-bromopentane. The higher energy of the 
cis-2-pentene product is reflected in the energy of the activated complex 
leading to it. The higher activation energy for the formation of the 
cis- compared to the trans-2-pentene leads to a greater amount of the trans- 
2-pentene being formed. 


€1 REACTIONS OF HALOALKANES 


Unimolecular elimination (E1) reactions of haloalkanes occur principally with tertiary haloalka- 
nes in the presence of weak bases. For example, water (and ethanol) serve as weak bases that 
accomplish the ЕІ reaction on tert-butyl chloride, as shown in Equation 12.18. 


80% water 
20% ethanol 
room temperature 
(СН ССП  -------7 (СНз) С= СН + (CH3)3COH 


2-chloro-2-methylpropane methylpropene 2-methyl-2-propanol 


36% yield 64% yield 
Е1 product ЗА product 
(Eq. 12.18) 


In this type of reaction, known as solvolysis, the solvent itself plays the role of nucle- 
ophile/base. We normally encounter El reactions in solvolysis reactions of tertiary 
haloalkanes. The reaction shown in Equation 12.18 illustrates not only the facility with which 
tertiary haloalkanes undergo E1 reaction, but also that ЕІ reactions are in competition with 
531 reactions. 

Both El and Syl reactions proceed through carbocation intermediates. Skeletal 
rearrangements are observed in alkene formation as well as in first-order substitutions. 
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rate-determining 


step for both E1 CH 
зе = and 5,1 reactions | 
ya — \+ + СГ 
НС“ + 
НС Н;С СН; 
ТЖ Н 
ні Б а) ше 7»  (CHj),C—CH,-«H;0* 
2 
|i A rapid 
(b) 3 (b) 5,1 
Н.С CH; P 
(СНз) 3COH + H* 


FIGURE 12.24 Competition between ЕТ and 5,1 reaction. The dissociation process forms 
an intermediate common to both the ЕТ апа 5,1 processes. Рог Sy1, the 
intermediate carbocation reacts with water to generate an oxonium ion that 
then loses (to a water molecule) a proton to generate the product. With E1 
reaction, the same intermediate carbocation loses a proton (to a water 
molecule) to give the alkene product. 


The first step in each type of reaction is the dissociation of the haloalkane into a carbocation 
and a halide ion. Once the carbocation has been generated (the rate-determining step), it can 
either lose a proton to form the alkene (E1) or add a nucleophile (Sy1). This competition is 
illustrated in Figure 12.24. 

When alkenes are formed by an E1 mechanism, Zaitzev orientation generally results. That 
is, the more highly substituted of the possible alkenes is formed preferentially. The rationale for 
this result again is based on the activation energies for the competing processes. With a 
carbocation, loss of a hydrogen from a B-carbon is more favorable from that B-carbon that bears 
the fewer hydrogens. The additional stabilization by alkyl substituents of the developing x bond 
favors the generation of the more highly substituted alkene. This type of reaction is of only lim- 
ited utility for the synthesis of alkenes. 


12.8 THE COMPETITION BETWEEN ELIMINATION 
AND SUBSTITUTION 


GENERAL 


Nucleophilic substitution and elimination reactions of haloalkanes are usually competing 
processes. The ЕІ апа Sy1 reactions even involve the same intermediate, a carbocation. When 
performing a particular substitution (or elimination) reaction for the synthesis of a target com- 
pound, we must carefully consider the possibility of side product formation. 
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THe NuCLEOPHILE/BASE 


Elimination processes become favored over substitutions as the basicity of the nucleophile/base 
increases. For example, the use of hydroxide ion with a given primary or secondary haloalkane 
generally results in a mixture of substitution and elimination products. If we change the nucle- 
ophile/base to a stronger base, such as alkoxide ion, we find an increased amount of elimination 
product. 

If an alkene is the target molecule (elimination is desired rather than substitution), tert- 
butoxide ion is often the base of choice. Being a tertiary alcohol, tert-butyl alcohol is a weaker 
acid than primary or secocndary alcohols, and therefore its conjugate base is a stronger base than 
the alkoxide ions derived from most primary and secondary alcohols. It is also a highly hindered, 
and therefore poor, nucleophile. 

We use a more potent nucleophile that is a weaker base in order to increase the relative 
amount of substitution reaction. The rate of the reaction is retarded, but a weaker base has a 
preference for substitution rather than elimination. The result is that little difficulty is encoun- 
tered in causing only substitution to occur in reactions using weak Br@nsted bases. For example, 
halide ion exchange reactions occur with virtually no elimination, an observation consistent with 
the low basicity of halide ions. 


THe NATURE OF THE SUBSTRATE 


The carbon skeleton of the haloalkane substrate also has an effect on the competition between 
substitution and elimination. For second-order reactions, the degree of elimination increases with 
increasing alkyl substitution at the electrophilic carbon; that is, secondary haloalkanes undergo a 
greater degree of elimination than do primary haloalkanes with the same nucleophile and solvent. 

Similarly, increasing the branching at the B-carbon leads to increased elimination over sub- 
stitution. For a substitution reaction, the greater the branching at the B-position, the greater the 
steric crowding of the incoming nucleophile. This crowding increases the activation energy for 
substitution and therefore reduces its rate relative to elimination, since the hydrogen atoms avail- 
able for attack by base are still relatively unhindered. 


o-ELIMINATIONS 


The elimination reactions we have considered thus far are the most commonly encountered ones. 
These reactions involve the elimination of the elements of a hydrogen halide between adjacent 
carbon atoms. We commonly refer to these reactions as B-eliminations. There is another cate- 
gory of reactions known as о-епттапопх wherein both atoms are removed from the same 
carbon atom. With most haloalkane substrates the a-elimination reactions are unimportant 
because B-eliminations are so facile and occur much more rapidly. The oc-elimination reactions 
have a high activation energy and occur only when ordinary B-elimination routes are precluded. 
A major example is illustrated in Figure 12.25. 

Because the chlorine atoms are strongly electron withdrawing (highly electronegative), the 
hydrogen atom of chloroform is actually moderately acidic. Upon treatment with strong base, chlo- 
roform loses a proton to give the trichloromethyl anion. Subsequently, the anion loses a chloride 
ion to give a neutral divalent carbon species known as a carbene. In this reaction dichlorocarbene 
is formed. The elements of hydrogen chloride have been removed from a single carbon atom. 
Carbenes are highly reactive species that can undergo a variety of reactions. One reaction of 
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ОС. ~ 
СС —H :OC(CH3); — > СЗС: + HOC(CH3), 


СС — > CC: + cr 
CI 


Figure 12.25 о -Elimination reaction of chloroform. Chloroform is unable to undergo а 
B-elimination reaction. The only reaction route available to it upon treatment 
with a strong base is removal of the lone hydrogen to generate the 
trichloromethyl anion. In the absence of any proton source, the trichloromethyl 
anion undergoes decomposition to a chloride ion and dichlorocarbene. 


particular interest is addition to alkenes. Two examples of dichlorocarbene addition to alkenes are 
shown in Equations 12.19 and 12.20. The products of these addition reactions are dichlorocyclo- 
propanes. Other routes leading to the formation of carbenes will be studied in Chapter 13. 


СІ 
OCC: СІ 
CHCl; + 
7,7-dichloronorcarane 
cyclohexene 59% yield (Eq. 12.19) 
KOC(CH3)3 UL HS 


CHCl, + (CHy)3C=CH, —— —— ——- 
У Е а CH; 


methylpropene 


1,1-dichloro-2,2-dimethylcyclopropane 
65% yield (Eq. 12.20) 


* Haloalkanes can undergo two contrasting types of reactions when challenged with Lewis bases. 


* One of these reactions involves substitution: the Lewis base replaces the halide, which 
leaves the molecule as an anion. The Lewis base is referred to as a nucleophile when it 
acts in this manner. 


* Nucleophilic substitution reactions occur by two general mechanisms known as Syl 
and Sy2. 
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One nucleophilic substitution reaction involves the direct displacement of halide ion by 
backside attack of the nucleophile at the electrophilic carbon. This type of reaction 
exhibits second-order kinetics and is referred to as ап 542 reaction. It is of dominant 
importance for methyl and primary haloalkanes, and is also significant for secondary 
haloalkanes. It is generally not important for tertiary haloalkanes. Overall, ће 5қ2 reac- 
tion involves inversion of configuration at the electrophilic carbon. 


Alternatively, the haloalkanes can undergo an initial dissociation to a carbocation and a 
halide ion. The carbocation can then combine with a nucleophile to give the substitution 
product. The first step of this reaction is the rate-determining step. The second step occurs 
rapidly after the carbocation has been generated. This reaction often involves nearly 
complete racemization about the electrophilic carbon. It is of particular significance for 
tertiary haloalkanes but also occurs with secondary haloalkanes. It is relatively unimpor- 
tant for methyl and primary haloalkanes. 


Elimination is the second fundamental type of reaction between haloalkanes and Lewis 
bases. The elements of a hydrogen halide are eliminated between adjacent carbon atoms. 
This type of reaction can also occur via two general mechanisms known as El and E2. 


With a bimolecular elimination reaction (E2) both the base and the substrate are involved 
in a single step. The hydrogen and halide ion lost from the substrate must have either an 
anti-periplanar or a syn-periplanar arangement for the reaction to occur. Intermediate con- 
formations do not allow л bond formation to occur when bond breaking is also occurring. 
With ordinary bases, regioselectivity is observed in the E2 reaction. The more highly sub- 
stituted of the possible alkenes is formed preferentially. This arrangement is known as 
Zaitzev orientation. With bulky bases, the less highly substituted of the possible alkenes 
is formed preferentially (Hofmann orientation). 


Elimination can also occur by a unimolecular (E1) mechanism that involves initial dissoci- 
ation of the haloalkane to a carbocation and a halide ion, as in Ше 51 reaction. A hydrogen 
is then lost as a proton from а B-carbon of the carbocation to form the alkene. This mecha- 
nism occurs principally with tertiary haloalkanes upon treatment with weak bases. 


Substitution and elimination reactions are always in competition when a haloalkane is 
treated with a Lewis base. We can often favor one route or the other by the judicious 
choice of nucleophile/base and solvent. 


Terms to Remember 


electrophilic site Williamson ether synthesis dihedral angle 
nucleophilicity Finkelstein reaction anti-periplanar 

rate law amines syn-periplanar 

rate constant alkylammonium ion Zaitzev orientation 
reaction order steric crowding Hofmann orientation 
rate-determining step alkylation solvolysis 

Snl solvation carbene 

52 dehydrohalogenation 


ethers 


E2 
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Reactions of Synthetic Utility 


45. 


46. 


47. 


48. 


49. 


50. 


| 
—C—X-«HO --- = 


There is increasing competition from elimination side-reactions as the haloalkane 
changes from 1 < 2° < 3" 


= ci -- =ош 
3° Haloalkane 

| 
—C—X-«RO ---- —C—OR 


There is increasing competition from elimination side-reactions as the haloalkane 
changes from 1 < 2° < 3° 


== ------ oe 
3° Haloalkane 
| 

E NS + Nal ----> E n 
X=Cl, Br 
1°>2°>3° 

| | 
E M ---- —C—CN 


1°>2°>3° 


51. 


52. 


53. 
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E S + NH3 ------- —C—NH), 
1 > 2° 
base 
E > R,C=CR', 
X H 


3° > 2° > 1° haloalkane; favored by alkyl branching at 
electrophilic and adjacent carbons 


X4CH + KOC(CH44 + R,C=CR', --- X 


X=Br, CI 


Problem 12.1 


For the reaction 


A+B 


> 7 
the experimental rate law expression is found to be 
Rate = k[A][B] 


It is found that the initial rate of formation of Z is 2.4x10? M/sec when the initial 
concentrations of A and B are each 1 M. 


a) Calculate the value of the rate constant k for this reaction. 

(answer 

b) Calculate the rate of formation of Z when 2596 of A has been consumed. 
(answer) 

с) Calculate the rate of formation of Z when 50% of A has been consumed. 
(answer 

d) If we raise the temperature of the reaction by 10 С” we find that the initial rate of 


reaction is 4.8х10° M/sec using initial concentrations of A and B of 1 M. What is the rate 
constant at this higher temperature? 


(answer 


Problem 12.2 


In Equations 12.3 and 12.4, the strong base hydride ion, H in the form of its sodium salt, 
sodium hydride, is used to convert the alcohol to its alkoxide ion. Hydrides are frequently 
used for this purpose. What is the conjugate acid of hydride ion? 


(answer 


Problem 12.3 


Give a preparation for each of the following compounds using the Williamson ether 
synthesis. 


a) (CH3);CHCHOCH;CH;CH3 
b) | CH3CH;OCH;C(CH3)s 
C) (CH3)2CHCH(CH3)CH2O0CH2C(CH3)3 


(answer) 


Problem 12.4 


Draw a Lewis structure for the DMSO molecule in which there are no formal charges. (It 
is necessary to have sulfur exceed an octet.) 


(answer) 


Problem 12.5 


Consider a nucleophilic substitution reaction in which the (R) stereoisomer of 
CH3CH;OCH;CH(CDCH5;CH; reacts with sodium cyanide in DMSO such that cyanide 
replaces chloride. The product is the (К) stereoisomer of CH3CH2OCH2CH(CN)CH2CH3. 
Is the formation of this product consistent with the occurrence of ап Sy2 reaction? 


(answer) 


Problem 12.6 


Refer back to Table 11.2. Give the conjugate base of each acid listed there. List these 
bases in order of increasing basicity. 


(answer) 


Problem 12.7 


Consider Figure 12.18. What is the dihedral angle between each of the following pairs of 
groups in the Newman projection: 


a) C-B 
b) H-D 
с) Х-А 


(answer 


Problem 12.8 


Consider Figure 12.19. What is the dihedral angle between each of the following pairs of 
groups in the Newman projection: 


a) H-Z 
b) Z-B 
с) Х-А 


(answer 


Problem 12.9 


Consider the dehydrohalogenation via an E2 mechanism with an anti-periplanar 
arrangement of departing groups for the molecule (2R,3R)-2-bromo3-methylpentane. 


a) Do you expect the (Е) or the (2) isomer of 3-methyl-2-pentene to be the major 
product? 


Which isomer of alkene would you obtain from each of the following: 
b) (2S,3S)-2-bromo-3-methylpentane 
с) (2R,3S)-2-bromo-3-methylpentane 


(answer 


Problem 12.10 


When 2-bromo-2-methylpropane is solvolyzed in aqueous ethanol, a mixture of the 
following three products is formed: 


a) C&H,40 
b) САНОО 
с) САН; 


Give the structure for each of these products and tell how each is formed. 


(answer 


Problem 12.11 


For each of the following, choose the reaction that would proceed more rapidly and 
provide an explanation for your choice: 


a) iodomethane or bromomethane with aqueous potassium hydroxide 

b) iodomethane or iodoethane with aqueous potassium hydroxide 

c) methanol or bromomethane with sodium iodide dissolved in acetone 

d) 2-bromopropane or 1-Бготоргорапе with sodium azide dissolved in acetone 

e) 2-bromo-2-methylbutane or 2-bromo-3-methylbutane with ethanol 

f) aqueous potassium bromide or aqueous hydrogen bromide with 1-butanol 

g) bromocyclohexane or chlorocyclohexane with aqueous acetone 

h) 2-chloro-3,3-dimethylbutane or 2-chloro-3-methylbutane with potassium tert- 
butoxide 

1) 1:1 by volume aqueous ethanol or 1:4 by volume aqueous ethanol with 2-chloro- 


2-methylpropane 


p water or hydrogen sulfide with 1-bromopentane 

k) 1-chloropentane or 1-chloro-2,2-dimethylpropane with potassium ethoxide in 
ethanol 

1) sodium cyanide in water or sodium cyanide in DMSO with iodomethane 


(answer 


Problem 12.12 

Rank each of the following sets of bases in decreasing order of base strength: 
a) HO,HS,HSe 

b) НО, CH;CH50, (CH3);CO™ 


с) HN, H3N, HO 


(answer 


Problem 12.13 


Consider the addition of 


a) МН» 
апа 
b) МН,” 


to a solution of 1-bromo-2-methylpropane. It is observed that a much greater ratio of 
substitution to elimination occurs when ammonia is used rather than amide ion. Name the 
substitution and elimination products, and decide whether ammonia or amide ion has the 
larger basicity/nucleophilicity ratio. 


(answer) 


Problem 12.14 


Under which of the following conditions will the ratio E2/El be greater: 


a) 2-chloro-2-methylpropane with 0.1 M aqueous sodium hydroxide 
Or 
b) 2-chloro-2-methylpropane with 0.1 M aqueous ammonia 


Explain your choice. 


(answer 


Problem 12.15 


Predict the major product or products for each of the following reactions, and indicate the 
mechanisms by which they are formed. If no reaction is expected, so indicate. 


a) 2-chloro-2-methylbutane with sodium hydroxide in methanol 

b) iodomethane with potassium fert-butoxide in tert-butyl alcohol 

с) 2-chloro-2-methylbutane with methanol 

d) 2-bromobutane with potassium ethoxide in ethanol 

e) 1-bromo-3-chloropropane with one equivalent of potassium cyanide in acetone 
f) (R)-2-bromobutane with sodium iodide in acetone 

g) 1-propanol with potassium iodide in acetone 


h) (R)-3-bromo-3-methylhexane with water 


1) 2-methyl-2-butene with chloroform and potassium ftert-butoxide 
j cis- 1-bromo-2-ethylcyclopentane with potassium ethoxide in ethanol 
k) trans-1-bromo-3-methylcyclopentane with sodium iodide in acetone 


(answer) 


Problem 12.16 


2,2,3-Trimethylpentan-1-ol reacts with concentrated aqueous hydrogen bromide to give a 
bromoalkane of formula СаН ;;Br. The product has a different carbon skeleton from the 
staring alcohol. Give a structure for the product, and write a mechanism for its formation. 


(answer) 


Problem 12.17 


When 2-chloro-3-methylbutane is solvolyzed in methanol, one of the observed products 
is an ether whose carbon skeleton is rearranged from that of the starting haloalkane. Give 
a structure for this material and explain its formation. 


(answer) 


Problem 12.18 


Alkene A reacts with hydrogen bromide in the presence of peroxides to yield compound 
B, which contains 53% bromine by weight. On treatment of B with potassium ethoxide in 
ethanol, C, an isomer of A, is formed. When C is ozonized and the workup is performed 
under oxidative conditions, acetone and acetic acid are obtained. Give the structures for 
the compounds A - C. 


(answer) 


Problem 12.19 


Compound D is an alkene of formula CsHio. Under conditions of catalytic hydrogenation 
it is converted to methylbutane. Compound D gives an alkyl halide, E, on treatment with 
hydrogen iodide. Compound E is converted to alcohol F upon reaction with hydroxide 
ion. Alcohol F is oxidized to ketone G by treatment with aqueous potassium dichromate. 
Suggest structures for the compounds D-G. 


(answer) 


Problem 12.20 


Methoxymethylchloride (СНзОСН2С), a powerful alkylating agent and a suspected 
carcinogen, reacts rapidly with nucleophiles, but the reaction follows first-order kinetics 
is spite of the substrate being a primary haloalkane. Draw the structure (and any viable 
resonance structures) of the carbocation that would be formed from this substrate and 
explain why this material undergoes a Syl reaction. 


(answer) 


Problem 12.21 


Give the structure of the major alkene formed in each of the following 
dehydrohalogenations: 


a) (3S,4R )-4-bromo-2,3,4-trimethylhexane on treatment with potassium tert- 
butoxide 
b) treatment of meso-2,3-dibromobutane with potassium fert-butoxide to remove a 


single equivalent of hydrogen bromide 


(answer 


Problem 12.22 


A haloalkane, RX, undergoes reaction with a base, B: , in solvent BH. There is a 
competition between the E2 and E1 mechanistic pathways for the elimination reaction of 
the haloalkane. The rate constants for the two pathways are: 


El 1.2 x 104 sec! 
E2  20x10^L moll sec” 


Calculate the rates of both ЕТ and E2 reactions when: 
a) the concentration of the haloalkane is 0.01 M and the concentration of the base is 
0.40 M 


b) the concentration of the haloalkane is 0.01 M and the concentration of the base is 
2.0 M. 


Based on your calculation, do you expect a high or low concentration of base to favor the 
E2 route of elimination where E1 and 22 routes are in competition? 


(answer) 


Problem 12.23 
For a particular reaction 
A + 2B ——- C 
(the reaction occurs in more than one step) the rate equation has the form 
Rate = k[A][B] 


If an initial rate of 6.0 x 10? M/sec is observed on mixing 1 M solutions of each of A and 
B, what would be the rate after 


a) 20% of A is consumed 
b) 40% of A is consumed 


(answer 


Problem 12.24 


The thiocyanate ion, SCN , is an ambident nucleophile (it can act as a nucleophile using 
either of two atoms). Write two contributing resonance structures for this ion, and predict 
the two products of reaction of sodium thiocyanate with ethyl bromide in acetone 
solution. 


(answer) 


Problem 12.25 
When cis-1-bromo-2-butene is treated with ethanol, three compounds of the formula 
СоНр2О can be isolated. Give the structures of these three compounds and explain their 


formation. 


(answer 


Problem 12.26 
Suggest structures for the haloalkanes that satisfy each of the requirements given below. 


a) a haloalkane that yields 4-ethyl-1-hexene as the only alkene when treated with 
potassium fert-butoxide 


b) a haloalkane that contains six carbon atoms and gives a mixture of three alkenes 
on treatment with sodium ethoxide 


с) а haloalkane of formula С;НСІ that yields three isomeric alkenes оп treatment 
with sodium ethoxide 


(answer 


Problem 12.27 


Substance H, of formula СлоНлоВг gives a mixture of two isomers, I and J, upon 
treatment with base. Compound I is the dominant product when the base is ethoxide ion, 
but J is dominant when tert-butoxide ion is used. Both I and J are converted to K, of 
formula Со, on treatment with an excess of hydrogen in the presence of a platinum 
catalyst. Compound I, on treatment with hot, alkaline permanganate solution, followed 
by acidification, yields a mixture of acetone and succinic acid (HO2C-CH2-CH2-CO2H), 
in a molar ratio of two parts acetone to one part succinic acid. Suggest structures for 
compounds H through K. 


(answer 


Problem 12.28 


Substance L, of formula CioH ловг, is known to contain three methyl groups and gives по 
reaction with bromine in carbon tetrachloride solution. When treated with base, L yields 
M, of formula CioH is, as the only organic product. Compound M does not produce L 
when treated with hydrogen bromide in the absence of peroxides. Treatment of M with 
hot, alkaline permanganate solution followed by acidification yields N, of formula 
Стона Оз. Provide structures for compounds L through М. 


(answer) 


Problem 12.29 


Propose methods for each of the following syntheses. More than one step is necessary in 
each synthesis. 


(a) 
(b) 
(c) 
(d) 
(e) 


cyanocyclohexane from cyclohexanol 

1-суапобшапе from 1-Бшепе 

(S)-2-cyanobutane from ($)-2-chlorobutane 

cyclohexyl methyl ether from any alcohol and any haloalkane 


1,1-dichloro-2,2,3,3 tetramethylcyclopropane from 2-bromo-2,3-dimethylbutane 


(answer 


Problem 12.30 


Explain why a solution of (R}2-iodobutane loses optical activity upon standing in a 
solution of sodium iodide in acetone. 


(answer) 


Problem 12.31 


Although 2-bromo-2-methylpropane solvolyzes in water to give tert-butyl alcohol and 
methylpropene ten times more rapidly than does 2-chloro-2-methylpropane, the ratio of 
elimination to substitution products is the same for these two haloalkanes. Explain why 
this is the situation. 


(answer) 


Problem 12.32 


An undergraduate organic chemistry student, Oscar, is having problems. He is instructed 
by his mentor to use the alkene shown below as a starting material for a particular 
conversion. However, Oscar carelessly spills sulfuric acid into his sample of the alkene. 
He makes a valiant effort to recover the alkene by neutralizing the acid, extracting his 
product into ether, distilling off the ether using a warm water bath, and distilling the 
recovered material. Oscar does recover a small amount of the alkene, but most of the 
recovered material is a mixture of two other isomers of the original alkene. Oscar's 
friend, Felix, working in his usual meticulous manner, is able to purify the two other 
isomers from Oscar's disaster. Suggest structures for the two isomers formed from the 
original alkene, and give a mechanistic rationale for their formation. 


(answer) 


Problem 12.33 


Sulfides are useful nucleophiles for preparing cyclic substances. For example, when 1,3- 
dibromopropane is treated with sodium sulfide, the following structure (known as 


thietane) is formed: 
Ld 


Suggest a mechanism for the formation of thietane in this reaction. 


(answer 


Problem 12.34 


Loss of chloride ion from 3-chloro-2-methylpentane yields a carbocation that can lose a 
proton to give a mixture of three alkenes. Give the structures of these three alkenes, and 
tell which will form more rapidly. Draw a reaction progress diagram consistent with the 
Hammond postulate to illustrate the competing processes. 


(answer) 


Problem 12.35 


Compound O, of formula C4Hs, reacts with hydrogen chloride to give compound P. 
When treated with potassium fert-butoxide, P gives back О as the only organic product. 
Compound O, on treatment with hydrogen in the presence of platinum oxide, yields Q, of 
formula С.Н 0, which does not decolorize bromine in carbon tetrachloride solution. 
Suggest structures for compounds O through Q. 


(answer 


Problem 12.36 


For the following set of compounds, predict the order of their rate of reaction with 
sodium iodide in acetone solution (list them in decreasing order of reaction). 


2-bromobutane 
1-chlorobutane 
1-bromobutane 
2-chloro-3-methylbutane 


2-bromo-2-methylpropane 


(answer 


Problem 12.37 


For the following set of compounds, predict the order of their rate of reaction with 8096 
aqueous ethanol (list them in decreasing order of reaction). 


2-bromobutane 
1-chlorobutane 
1-bromobutane 
2-chloro-3-methylbutane 


2-bromo-2-methylpropane 


(answer 


Problem 12.38 


Draw reaction progress diagrams for the two possible routes of substitution (5х1 and 
5қ2) with 2-bromopropane in a 0.1 M solution of sodium hydroxide in 80% aqueous 
ethanol. 


(answer 


Problem 12.39 


Consider Ше meso-3,4-dibromo-2,2,5,5-tetramethylhexane and racemic 3,4-dibromo- 
2,2,5,5-tetramethylhexane. Suppose each compound is treated with an amount of sodium 
ethoxide such that one equivalent of hydrogen bromide is removed from each. Draw the 
structure of the alkene formed from each substrate. Which substrate would you expect to 
react more rapidly in this elimination reaction? Explain your answer. 


(answer 


Problem 12.40 


On careful treatment with ammonia, 1,5-dibromopentane yields a compound of formula 
С, Ни“. Give the structure of this product and explain how it is formed. 


(answer 


Problem 12.41 


On treatment with excess base, dihalides can be induced to undergo double 
dehydrohalogenation reactions. For example, 1,1-dibromobutane can be treated with 
amide ion to form 1-butyne, as shown below. 


NaNH, 


CHCH, CH, CHBr, » CH; CH,C=C-H 


However, on prolonged treatment of 1,1-dibromocyclohexene with sodium amide, only 
one equivalent of hydrogen bromide can be removed. That is, the product is 1- 
bromocyclohexene. Explain this result. 


(answer 


12.1a-answer 

Consider the given rate law expression: 

Rate = k[A][B] 

and the values of the quantities in that expression 

[A] = [B] = 1 М, rate = 24x10? Мес 

We can now calculate the value of k under the reaction conditions used: 


k = (2.4х10 > М/ѕес)/(1 M?) = 2.4х10 > М sec’! 


12.1b-answer 


Knowing the value of k we can calculate thee rate of formation of Z when 25% of A has been consumed. Remember, for each 
molecule of A that has been consumed, one molecule of B has also been consumed. The concentrations of A and B are reduced by 
25%. Thus, 


rate = (2.4х107 M'!sec! (0.75 М)? = 1.35x10? М/бес 


12.1c-answer 


rate = (2.4x10° M'!sec! (0.50 М)? = 7.2x10° Мес 


12.1d-answer 

Since 

[А] = [B] = 1 M, rate = 4.8x10° M/sec 
the value of k at the higher temperature is 


k = (4.8х10° М/ѕес)/(1 M?) = 4.8х10- М" sec! 


12.2-answer 


The hydrogen molecule, Н». 


12.3-answer 


a) 


b) 


12.4-answer 
Н.С 

A EN 

:S——O 

/ .. 
H3C 


The view of DMSO as shown in 12.1 is a better representation of the actual species. The oxygen is highly negative and the sulfur is 
highly electron deficient. The Lewis structure given here indicates a double bond between sulfur and oxygen. This should not be 
understood to be a double bond in the same sense that we write a double bond between carbons of an alkene linkage or even carbon 
and oxygen of a carbonyl group. In these latter instances the atoms doubly bound are using electrons and orbitals from the same 
principal quantum level. In DMSO the orbitals involved are from different principal quantum levels and the interaction is not as 
efficient as when they are from the same principal quantum level. All in all, the structure 12.1 is a better representation for DMSO. 


12.5-answer 


Yes. The reaction proceeds with inversion, as is expected with an 542 process. However, because -C1 has been substituted by -CN, the 
relative priorities of the groups about the stereogenic center are changed. The -CN, unlike the -СІ, is not the substituent of highest 
priority at the stereogenic center - it's second highest priority, resulting in a notation change for the absolute configuration. The result 
is, that although inversion has occurred, the notation is the same as the starting material. This is an artifact of the system of 
nomenclature and stereochemical designation. If iodide had been used, the reaction would still be an 5,2 process, but the notation of 
the product iodide would be (5). 


12.6-answer 


Increasing basicity going down the column: 


H,O 

NH; 
CH307 
НО 
CH3CH20° 
NH, 

CH; 
СНзСН> 
(CHCH 


12.7-answer 
a) 180* 
b) 60* 


с) 60° 


12.8-answer 
a) 120° 
b) 120° 


c) 120 


12.9-answer 
a) (E)-3-methyl-2-pentene 
b) (E)-3-methyl-2-pentene 


с) (Z)-3-methyl 2-pentene 


12.10-answer 
a) ethyl tert-butyl ether (Sy1 reaction) 
b) tert-butyl alcohol (551 reaction) 


с) methylpropene (El reaction) 


12.11-answer 


a) 
b) 
с) 
d) 
e) 
f) 
g 
h) 
i) 
2) 
k) 


ђ 


iodomethane - better leaving group 

iodomethane - less hindrance for attack by nucleophile 

bromomethane - better leaving group 

1-bromopropane - less hindrance for attack by nucleophile 
2-bromo-2-methylbutane - more easily formed carbocation 

aqueous hydrogen bromide - generates reasonable leaving group 
bromocyclohexane - better leaving group 

2-chloro-3-methylbutane - can form more stable alkene, lower activation energy for elimination 
1:1 by volume aqueous ethanol - more polar medium for carbocation formation 
hydrogen sulfide - better nucleophile 

1-chloropentane - no available adjacent hydrogens in other possibility 


sodium cyanide in DMSO - more active nucleophile 


12.12-answer 
a) HO > HS > Н5е 
b) (СН; СО? > CH;CH;O > НО 


с) НМ > HO > Н.М 


12.13-answer 
Substitution product - (CH3);CHCH5NH, - 1-amino-2-methylpropane 
Elimination product - (СН;);С-СН; - methylpropene 


Amide ion has the greater basicity/nucleophilicity ratio. 


12.14-answer 
2-chloro-2-methylpropane with 0.1 M aqueous sodium hydroxide 


The hydroxide is a stronger base than is ammonia, and will cause E2 to dominate El to a greater extent. 


12.15-answer 


a) 
b) 
с) 
d) 
e) 
f) 
g 
h) 
i) 
2) 


К) 


2-methyl-2-butene (by E2) 

methyl t-butyl ether (by 542) 

methyl 2-butyl ether (by 51) 

2-methyl-2-butene (by E2) with ethyl 2-butyl ether (by Sn2) and some 2-methyl-1-butene (by E2) 
1-cyano-3-chloropropane (by 5х2) 

(S)-2-iodobutane (by Sn2) 

No reaction 

rac-3-methyl-3-hexanol (by Sy1) 

1,1-dichloro-2,2,3-trimethylcyclopropane (dichlorocarbene addition) 

2-ethylcyclopentene (by E2) and trans-1-ethoxy-2-ethylcyclopentane (by 5қ2) 


cis- 1-iodo-3-methylcyclopentane (Бу Sn2) 


12.16-answer 


3-bromo-3,4-dimethylhexane 


H* 
OH 
Br 
-<—— 
Вг 


12.17 -answer 


H 
— 
CI 
HOCH; 
4&— — — — 
-H* 


OCH; 


12.18-answer 


Br 


12.19-answer 


Жж ж ML ж 


р Е Е G 


12.20-answer 


Н.С H H,C H 
N / \+ / 
ОС кь |» о=с 
N 44 N 
H H 


The carbocation is highly stabilized by resonance, involving delocalization of the charge 
to the adjacent oxygen atom, allowing the reaction to proceed through a cationic 
intermediate by ап 5х1 mechanism. 


12.21-answer 


a) 


12.22-answer 


a) El | 12x10^ M/sec 
E2 8.0 x 107 M/sec 


b) El 1.2 x 10° M/sec 
E2 4.0х 10° M/sec 


A higher concentration of base favors the E2 route. 


12.23-answer 

First, calculate k for the reaction: 
к= 6 x 10? M вес 

a) 2.88 x 10? M/sec 


b) 72 x 10° M/sec 


12.24-answer 


S—C=N <> S—C-—N : 


CH3CH2 —$ — СЕМ 


CHCH —N=C=S 


12.25-answer 


mp wm 


— а CH, 


CH; СН,О м 


Reaction proceeds through the intermediate resonance stabilized carbocatic 


жы, 
ный 


12.26-answer 


a) 

Br 
b) Br 
с) 


12.27-answer 


quede 


H 


SS 
Br 
Anan 
I 
AY 
J 
K 


ала: 
Ала: 


12.28-answer 


Br О 


CO,H 


12.29-answer 


(a) [1] cyclohexanol treated with phosphorus trichloride to generate 
chlorocyclohexane 
[2] sodium cyanide used with the chlorocyclohexane 


(b) [1] I-butene treated with HBr in the presence of peroxides 
[2] the resultant 1 -bromobutane treated with sodium cyanide to give the target 
product 


(c) [1] (S)-2-chlorobutane treated with sodium hydroxide to generate (R)-2-butanol 
[2] (R)-2-butanol treated with thionyl chloride in dioxane to give ( R)-2-butanol 
[3] (R)-2-butanol treated with sodium cyanide to give the target product 


(d) [1] cyclohexanol rteated with sodium metal to give the corresponding alkoxide 
salt 

[2] the sodium salt of cyclohexanol added to iodomethane to give the target 
product 


(e) [1] 2-bromo-2,3-dimethylbutane treated with sodium ethoxide to give 2,3- 
dimethyl-2-butene 

[2] 2,3-dimethyl-2-butene treated with chloroform and potassium tert-butoxide to 
give the target product 


12.30-answer 


Iodide ion is not only a good nucleophile, it is also a good leaving group. Iodide ion from 
solution attacks the 2-iodobutane in solution causing the (R)-2-iodobutane to be 
converted into ($)-2-iodobutane. Ultimately, the amount of each of the enantiomers in 
solution become equal, and each is likely to undergo attack by iodide ion at the same rate. 
The (originally) optically active 2-iodobutane has been racemized. 


12.31-answer 


The slow step in the reaction of each haloalkane is the formation of the tert-butyl cation. 
This cation, once formed, provides the same ratio of substitution and elimination products 


no matter what its source was. 


12.32-answer 


The other two isomers, both thermodynamically more stable than the original one, are 


shown below. 


These are both formed (along with regeneration of a small amount of the original alkene) 
through the formation of the intermediate carbocation shown below which is formed by 
protonation of the original alkene and regenerates all of these alkenes by loss of a proton 


from an adjacent carbon atom. 


12.33-answer 


2- Е 
5 S 


CN - 
wf Br = ат у 


12.34-answer 


From To 


A most 


B middle 
pu 
C least 
NR 


Energy 


Reaction Progress - 


The higher activation energy is associated with the higher energy product, and thereby it 
is formed least rapidly of the possibilities. 


12.35-answer 


А 


CI 


12.36-answer 

Decreasing reactivity going down the list: 
1-bromobutane 

1-chlorobutane 

2-bromobutane 

2-chloro-3-methylbutane 


2-bromo-2-methylpropane 


12.37-answer 

Decreasing reactivity going down the list: 
2-bromo-2-methylpropane 
2-chloro-3-methylbutane 

2-bromobutane 

1-bromobutane 


1-chlorobutane 


12.38-answer 


Energy 


CH; CH, CH, Br 


CH, CH=CH, 


Reaction Progress = 


12.39-answer 


From the meso-starting material: 


(CH3)3C C(CH3)3 


Br H 


From the racemic starting material: 


(СНС H 


We would expect the racemic substrate to react more rapidly. The activated complex for 
the formation of alkene from it would have greater stability, and thereby would be 
generated and lead to product more rapidly. 


12.40-answer 


N 


H 
Attack occurs by ammonia performing a displacement at one end of the 1,5- 


dibromopentane, followed by intramolecular attack of the (alkylated) nitrogen on the 
remaining electrophilic site at the other end of the molecule. 


p -HBr 
2 d QU а > SN 


12.41-answer 


The carbon-carbon triple bond requires four atoms to lie along a straight line. This is not 
possible within the constraints of a six-membered ring. Thus, elimination occurs only 


once. 


ALKANES AND CYCLOALKANES 
II. REACTION MECHANISMS 
AND CONFORMATIONAL 
ANALYSIS 


13.3 INTRODUCTION 


In Chapter 4 we began to study the structures of alkanes and several types of cycloalkanes. This 
chapter covers additional aspects of their chemistry and relates it to topics that were introduced 
after Chapter 4. 

Some synthetic routes to alkanes and cycloalkanes will be introduced. We will analyze the 
mechanistic aspects of the reactions of halogens with alkanes and cycloalkanes so that we can 
understand the distribution of products in such reactions. We will also explore in more detail the 
conformational forms that alkanes and cycloalkanes can adopt, giving special attention to cyclo- 
hexane and its derivatives. The cyclohexane ring is а common component of both biological and 
anthropogenic compounds, and knowledge about its conformation and dynamic nature is crucial 
for a satisfactory understanding of those compounds. Finally, we will examine reactions in 
which a change in ring size occurs as a result of a carbocation rearrangement. 


13.2 BICYCLIC ALKANES 


In Chapter 4 we met some cycloalkanes that contain more than one ring; in addition to these 
types of cycloalkanes with more than one ring, there is an additional category—cycloalkanes 
that have more than one ring that share more than one atom between the rings. For some of these 
complex structures it may not be immediately obvious how many rings are present. We define 
the number of rings in a moleculae as being equal to the minimum number of cuts required to 
produce an open-chain skeleton. Two examples are shown in Figure 13.1. 

While open-chain compounds are generally capable of undergoing relatively free rotation 
about single bonds, cyclic compounds have much greater restrictions built into them. Bicyclic, 
tricyclic, and polycyclic compounds often are completely rigid with regard to bonds of their 
rings. Often little or no rotation about ring single bonds is possible. 
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two “cuts” 


Two rings are present originally; the original 
compound is said to be bicyclic. 


29212391 


three “cuts” 


Three rings are originally present; the original 
compound is said to be tricyclic. 


Figure 13.1 Polycyclic alkanes. The number of rings in a molecule is defined by the 
minimum number of cuts required to generate an open-chain molecular 
skeleton. A bicyclic (two rings) and tricyclic (three rings) structure are 
shown. 


For our present purposes we will limit our attention to bicyclic molecules sharing two or 
more atoms. Many biologically occurring molecules fall into this category. 

The procedure for assigning a systematic name to a bicyclic compound is outlined in 
Figure 13.2. The first step is to count the number of carbon atoms making up the rings of the 
two-ring system. This number provides the root name for the bicyclic compound. We then 
identify the bridgehead atoms, that is, the atoms that are common to both rings. Finally, we 
count the number of atoms in each of the bridges joining the bridgehead positions. The com- 
plete name is given by preceding the root name with the word bicyclo and a set of square 
brackets containing the number of atoms in each bridge, listed in decreasing numerical order, 
separated by a period. 

Different types of drawings can be used to depict bicyclic molecules. For example, 
Figure 13.3 shows three alternative representations of the bicyclo[2.2.1]heptane molecule. 
You should be able to recognize that these structures represent the same molecule. One way 
to do this is to assign a systematic name to each of the strutcures. Structures with the same 
(correct) name represent the same compound. 

In order to specify positions in a bicyclic molecule, we start numbering at a bridgehead posi- 
tion and proceed along the longest bridge present to the other bridgehead. We then continue 
along the next longest bridge until we return to the original bridgehead. Finally, any remaining 
atoms along the shortest bridge are numbered. Figure 13.4 shows some other examples of 
bicyclic compounds with systematic names. 
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Count the number of carbon atoms in the fundamental 
structure. In this instance, seven carbon atoms are 
present in the ring system, so we name it as a 
bicycloheptane. 


Locate the bridgehead carbon atoms. The bridgehead 
carbons (indicated by the arrows) are common to both rings. 


2“ Sí Count the number of carbon atoms in each bridge, starting and 
2 i 2 ending adjacent to each bridgehead. The bridges аге noted by 
| i dotted lines and the number of carbon atoms in each bridge is 
У б б; 7 indicated. The systematic name is thus 
~ 


bicyclo[2.2.1]heptane. 


Ғісиве 13.2 Deriving the systematic name for a bicyclic compound. 


| 2 
45 cC 


\ 


Ty HE 


Figure 13.3 Alternative representation of bicyclo[2.2.1]heptane. Bridgehead carbons are 
indicated by arrows for easy identification. We can think of these represen- 
tations as top, side, and end views of the molecule. 
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bicyclo[2.2.2]octane bicyclo[3.2.1]octane 
НС. 7. CH3 
H 
4 
3 3 
| 6 
H НЗС 2 


trans-bicyclo[4.4.0]decane 1,7,7-trimethylbicyclo[2.2.1]heptane 


Figure 13.4 Bicyclic molecules with their systematic names. 


13.3 SYNTHESIS OF ALKANES AND CYCLOALKANES 


There are several reactions that provide useful syntheses of alkanes from compounds containing 
other functional groups. Many of these reactions can be used to prepare cycloalkanes. Among 
the more important methods are: 


1. Catalytic reduction (addition of hydrogen) of an alkene or cycloalkene, as described in 
Chapter 10 (Reaction 19). 


2. Reaction of an organocuprate with a haloalkane (Corey-House reaction) as described in 
Chapter 11 (Reaction 44). 


3. Conversion of a haloalkane to an organometallic, followed by treatment with a hydroxylic 
solvent such as water, as described in Chapter 11 (Reaction 38). 


4. Reduction of a haloalkane by one of the following methods: 


* Treatment of a bromo- or iodoalkane with lithium aluminum hydride (ЛАЈН,), as 
illustrated in Equation 13.1. Primary haloalkanes react more rapidly than do second- 
ary haloalkanes, and iodoalkanes react more rapidly than do bromoalkanes. Lithium 
aluminum hydride must be handled with care. It is a powdery material that is highly 
reactive with moisture or any weakly acidic material. It reacts to supply a hydrogen 
atom with an eletron pair (i.e., a hydride ion) to electrophilic sites. Upon contact with 
water or other acidic compounds, hydrogen is liberated exothermically and may 
ignite. It is used in ether solvents. 

ПАША 
СНз(СН,)СН,Вг ----------%5- CH3(CH)),CH3 
ether solvent 
60° 
octane 


1-bromoóctane 96% yield (Eq. 13.1) 
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+ Treatment of a primary or secondary haloalkane with sodium borohydride (NaBH,), 
as illustrated in Equation 13.2. This reaction is also more efficient with bromo- and 
iodoalkanes than with chloroalkanes, but with any haloalkane the reaction proceeds 
more slowly than it does with lithium aluminum hydride. Sodium borohydride is sig- 
nificantly less reactive than is lithium aluminum hydride. It is commonly used in 
solvents such as simple alcohols, and it can also be used in DMSO. 


МавВН, 
CH34(CH5)gCH;CI ---------- СНз(СН>)6СНз 
DMSO 
Ж octane 
1-chloroóctane 42% yield (Eq. 13.2) 


* Reaction of a haloalkane with an eletropositive metal (such as zinc or tin) in the pres- 
ence of an acid, as shown in Equation 13.3. 


Zn, HCl 
CH34(CH5),4CH5;CI ---------- CH34(CH5),4CH4 
acetic acid 


hexadecane 


1-chlorohexadeane 85% yield (Eq. 13.3) 


* Reaction of a bromo- or iodoalkane with a trialkyltin hydride (R3SnH) in the presence 
of a peroxide. Chloroalkanes are less reactive than bromo- or iodoalkanes. Thus, 
bromine or iodine can be replaced selectively by hydrogen, as shown in Equation 13.4. 


CI 
(CH3CH,CH,CH))3 SnH 
en "S 
Br benzoyl peroxide, heat H 


7-chloronorcarane 
97% yield 
(Eq. 13.4) 
These reductions of haloalkanes to alkanes provide a convenient route for the overall con- 
version of alcohols to alkanes, that is, В-ОН to R-X to R-H. 


7-bromo-7-chloronorcarane 


13.4 REACTIONS OF ALKANES 
WITH HALOGENS (REVISITED) 


GENERAL 


In Chapter 4 we presented a brief introduction to the substitution reaction in which a halogen 
atom replaces a hydrogen atom in an alkane. An example is shown in Equation 13.5. All halo- 
gens except iodine react in this way. The order of reactivity is: 
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Br 
Вг, 
---------- 
һу 
iohexan bromocyclohexane 
M S 90% yield (Eq. 13.5) 
Fə > Cl, > Bro 


The reaction of fluorine with alkanes is generally not of practical utility because of the high 
reactivity of fluorine. (This is the opposite reason for iodine not being of use.) In this chapter we 
will consider in greater detail the mechanism and synthetic applications of the halogen substi- 
tution reaction. 


MECHANISM OF THE SUBSTITUTION REACTION 


We understand the mechanism of the halogen substitution reaction to involve free radicals as 
intermediates in a chain reaction in which two or more steps are continuously repeated. Chain 
reactions are common when free radical intermediates are involved. 


Mechanism of Reaction 


Step 1 The first reaction constitutes the chain-initiation step for the process. In this step a reac- 
tive free radical is produced by homolysis of the halogen (here bromine) molecule. This 
step begins the entire series of reactions. 


heat or 
———— , 
Br — Br hy 2 Вг 
= 
Steps 2 and 3 The second and third reactions are the chain-propagation steps, reactions that 
consume one free radical species and generate a new one. 


KI и \“ : 
Br + х Hz R и Br—H + R 

N . 
В: + V Brz Br ------- R—Br + Br 


The sum of Steps 2 and 3 is the net observed reaction: 


R—H + Вг, > R— Вг + HBr 
Steps 4, 5 and 6 The chain propagation steps are repeated continuously until interrupted by one 
of the chain-termination steps. These reactions remove free radicals from the 
reaction system. 
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DISTRIBUTION OF PRODUCTS 


Suppose we use butane as our alkane substrate in a free radical chlorination reaction. Substi- 
tuting a chlorine atom for a hydrogen atom can lead to two different products because there are 
two different types of hydrogen sites present in butane. Six of the ten hydrogens are primary, 
while the remaining four are secondary, as shown in Figure 13.5. Reaction with chlorine 
thus leads to either 1-chlorobutane or 2-chlorobutane depending on the site of reaction (see 
Figure 13.6). If the primary and secondary hydrogens of butane were to react with chlorine at 
the same rate, a statistical distribution of the two products would result. That is, three moles of 


four secondary hydrogens 


J l 


CH, 


~ c 


six primary hydrogens 


CH; 


FIGURE 13.5 Types of hydrogen atoms in butane. A butane molecule contains four 
secondary and six primary hydrogen atoms. 


3 —— CH, —— СН, —— CH; 
substitution of substitution of 
primary hydrogen secondary hydrogen 
CIH,C CH, CH, СН; CH; CH —— CH, —— CH, 
Cl 
1-chlorobutane 2-chlorobutane 


Figure 13.6 Possible products of chlorine substitution reaction on butane. Two 
monochlorinated products are formed upon free radical chlorination of 
butane. Replacement of any of the primary hydrogens by chlorine leads to 
1-chlorobutane, while replacement of any of the secondary hydrogens 
leads to 2-chlorobutane (2-chlorobutane is formed as a racemic mixture of 
R and S enantiomers; C-2 is a stereogenic carbon site). 
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1-chlorobutane would be formed for every two moles of 2-chlorobutane. This would be Ше sit- 
uation since a chlorine atom is 1.5 times as likely to collide with butane at a primary hydrogen 
site as at a secondary hydrogen site. However, by experiment we find that the relative yields of 
the two products are reversed; there are approximately three moles of 2-chlorobutane formed for 
every two moles of 1-chlorobutane formed. This result implies that secondary hydrogens must 
be more reactive than primary hydrogens in this type of reaction. This conclusion is confirmed 
by studies of other alkanes in reaction with halogens. Furthermore, if a molecule contains a ter- 
tiary hydrogen site, that hydrogen is even more reactive than is a secondary hydrogen. Let's 
analyze the relative yields of the several monochlorionation products of a molecule containing 
primary, secondary and tertiary hydrogens (see Equation 13.6). 


Relative 
yields 
(CH43CH5)4CCI 1 
3-chloro-3-ethylpentane 
CL 
(CH4CH5),CH Pu (CH3CH5);CHCH(CI)CH4 4.6 
ea 
3-ethylpentane 2-chloro-3-ethylpentane 
(СНЗСН,)„СНСН,СН,С! 1.8 
1-chloro-3-ethylpentane 
(* other products) (Eq. 13.6) 


If the reaction shown in Equation 13.6 were to proceed simply according to statistics, the 
relative yields of 39:29:19 substituted products would be 1:6:9 (3-ethylpentane contains one 
3°, six 2°, and nine 1° hydrogen atoms). Why is there more substitution of tertiary hydrogen and 
less substitution of primary hydrogen than predicted on a statistical basis? We will now exam- 
ine this question in some detail. 

As we saw in Chapter 12, the rate of an entire reaction is determined by the rate of the slow- 
est step of that reaction. We should therefore examine the slowest of the chain-propagation steps 
to look for clues leading to an answer to the question posed above. Similar calculations based 
on bond energies show that the least exothermic of the chain-propagation steps is the abstrac- 
tion of a hydrogen atom by a chlorine atom (Step 2). 

Many types of experimental observations confirm that this step is also the rate-determining 
step. Let us analyze the chlorination of butane (Figure 13.6) with this in mind. For the butane 
molecule there are two competing hydrogen abstractions. The chlorine atom can abstract either 
a primary hydrogen atom from one of the terminal carbon atoms, or a secondary hydrogen atom 
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ТАВІЕ 13.1 C-H Bond Dissociation Energies. 


Bond Bond Dissociation 
Energy (kcal/mole) 
СН3-Н 104.0 
RCH;-H 98.0 
R;CH-H 94.5 
R3C-H 91.1 


from one of the interior carbon atoms. Bond energies (Table 13.1) indicate that abstraction of a 
secondary hydrogen atom is more favorable by 3.5 kcal/mole. 

The Hammond postulate suggests that the rate of abstraction of secondary hydrogen atoms 
should thus be faster than the rate of abstraction of primary hydrogen atoms. To quantify this 
difference, we must take into account that the observed ratio of the two overall products of free 
radical chlorination of butane (1-chlorobutane and 2-chlorobutane) actually depends on two fac- 
tors. We have already discussed the statistical factor—the greater the number of hydrogen atoms 
of a particular type, the more likely it is that such a hydrogen will be abstracted. The second fac- 
tor is the relative reactivity (i.e. the relative rate of abstraction) for each type of hydrogen. 
In Equation 13.7 we see how these two factors combine to reflect the observed ratio of products. 


[observed number of 


moles of 2° product] number of 2° H reactivity of 2° H 
Е = ЕЕ x ЕЕ 
[observed number of number of 1° H reactivity of 1° H 
moles of 1° product] (Eq. 13.7) 


When butane undergoes free radical chlorination, the observed product ratio is approxi- 
mately 3 parts 2-chlorobutane to 2 parts 1-chlorobutane. Since the ratio of primary to secondary 
hydrogens in the reactant is 3:2, substituting this value in Equation 13.7 indicates that for this 
compound the secondary hydrogens are 2.25 times as reactive as the primary hydrogens toward 
chlorine atoms (see Figure 13.7). This result is in keeping with the Hammond postulate. 


Type of Hydrogen Statistical Ratio Relative Yield of Haloalkane 
1° 1 — | 
2° 0.67 гети 1.5 
factor of 2.25 


Ғісиве 13.7 Relative yields of 1-chlorobutane and 2-chlorobutane in chlorination of 
butane. The ratio of primary to secondary hydrogens in butane is 1:0.67. 
However, free radical chlorination leads to a ratio of 1:1.5 for the products 
derived from substitution of primary and secondary hydrogens. It follows that 
the secondary hydrogens are 2.25 times as reactive as primary hydrogens with 
regard to abstraction by chlorine atoms. 
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Special Topic 


A Free Radical Chain Reaction of Environmental Concern 


Earlier we considered “Freons’”—compounds used as propellants in aerosol cans and as refrigerants. 
Once released, these materials can rise into the stratosphere. There are concerns that this process 
could result in the destruction of the earth’s protective ozone layer, which absorbs much of the high- 
energy ultraviolet radiation impinging on the earth from the sun. 

The source of ozone in the ozone layer is normal dioxygen, О», that has itself drifted up from the 
earth’s atmosphere. Ultraviolet light causes some of these molecules to undergo homolysis to give 
oxygen atoms: 


О, + hv ------> 20 
Ozone is formed when some of these oxygen atoms react with dioxygen molecules: 
О; + O ү > Оз 
The destruction of the ozone layer by Freons involves а free radical chain reaction. Ultraviolet 


light initiates the process by causing the homolysis of a carbon-chlorine bond of a Freon, for 
example, 


CF;CL + hv — CF;Cr + СГ 
The highly reactive chlorine atoms (radicals) that are produced then react with ozone: 
С + 0, — — CIO: + 0; 


The real problem is that chlorine atoms are regenerated Кот CIO radicals through reaction 
with oxygen atoms (which are always present in the stratosphere, as described above): 


CIO + О — CT + 0, 


Thus, an initial cleavage of a single Freon molecule can precipitate a chain reaction in which there 
is a cycle of destruction: a chlorine atom is produced and destroys an ozone molecule; this reaction 
produces СО , which in turn reacts further to regenerate a chlorine atom. The cycle will repeat until 
some chain-terminating step occurs. Thus, many ozone molecules can be destroyed as the result of 
each cleavage of a Freon molecule. 


Bromine atoms are much less reactive than chlorine atoms toward hydrogen abstraction, and 
also are more discriminating among the types of hydrogen atoms abstracted. Bromine thus offers 
selectivity in its reaction. 

This selectivity provides yet another illustration of the Hammond postualte. Consider again 
the competing hydrogen abstractions in the rate-determining step of the halogenation of butane. 
Either a primary or a secondary hydrogen can be abstracted. Both types of abstraction are 
endothermic with bromine, but exothermic with chlorine. This difference can be attributed to the 
developing hydrogen-bromine bond being weaker than a developing hydrogen-chlorine bond. 
To appreciate the consequences, we must look carefully at the activated complex for the rate- 
determining step in each instance. 
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Because the abstraction of a hydrogen by a bromine is endothermic, we can infer that the 
bromine abstraction will have a later (more product-like) activated complex than will chlorine 
abstraction. The degree to which the activated complex is early or late in the reaction determines 
its carbon-radical character. With bromination, the activated complex occurs late. Thus, it has 
more carbon-radical character than does the activated complex for chlorination. The activated 
complexes for the competing types of hydrogen abstraction differ more in their energies when 
bromine is used than when chlorine is used. With chlorine abstraction, both activated complexes 
are more similar to the starting alkane than is the situation with bromine abstraction of hydro- 
gen atoms. These differences are illustrated in Figure 13.8. 


POLVHALOGENATION 


Free radical halogenations not only can provide mixtures of monosubstituted products, but also 
frequently yield products containing more than one halogen atom. 

Consider as an example the chlorination of methane. Shortly after initiating the reaction, 
chloromethane begins to accumulate, and as it accumulates it begins to compete with the 
remaining unreacted methane for the available chlorine atoms. 


AE асо | | 
~" 
— + НВг 
( АЕ acti | AZ Th ^ 
Energy —— + HCl Energy + HBr 
С 
+ НСІ 
~" ~" 
+ СТ + Вг' 


Reaction Coordinate с» Reaction Coordinate => 


Ғісиве 13.8 Competing abstractions of secondary and primary hydrogens from butane in 
free radical reactions with bromine and chlorine. The difference in activation 
energies is significantly greater in the bromination reaction (ЛЕ. сә) than in 
the chlorination reaction (AF,¢1). Correspondingly, we find that the ratio of 
major (2°) substitution to minor (1°) substitution product is greater with 
bromination than with chlorination. The Hammond postulate helps us to 
rationalize this result. The endothermic bromination reaction has a later 
activated complex and more radical character. The differences in stabilities of 
1° and 2° radicals are reflected more in the bromination activated complexes 
than in the chlorination activated complexes. Differences in rates of reaction 
depend on differences in the activation energies of the reactions being 
compared. 
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Consider the reaction when 50% of the methane has been converted to chloromethane. Chlorine 
atoms then have an equal probability of colliding with a methane molecule or a chloromethane 
molecule. It is therefore quite likely that a chlorine atom will abstract a hydrogen from 
chloromethane (to form CIH;C.), and this will ultimately lead to formation of a CH,Cl, molecule. 
Therefore, we expect a sizable quantity of methylene chloride (dichloromethane) and even chloro- 
form (СНСВ) and carbon tetrachloride (ССЦ) to be formed if we start with equal numbers of moles 
of chlorine and methane. For more complex molecules the formation of many multisubstituted 
products is possible, and this seriously limits the synthetic utility of the reaction. 


SYNTHETIC UTILITY 


Since they often yield a mixture of products, free radical halogenations are of only limited syn- 
thetic utility. However, they do provide viable preparative routes for certain types of compounds. 

One example is the halogenation of molecules that have only one type of carbon-hydrogen 
bond. For the monohalogenation of substances such as methane, ethane, 2,2-dimethylpropane, 
and the unsubstituted cycloalkanes, we only need to prevent multiple halogenation from occur- 
ring, and we can accomplish this by using a large excess of the hydrocarbon compared to the 
halogen. In this way a chlorine atom is always more likely to collide with a hydrocarbon mole- 
cule than with a molecule that has already undergone a halogen substitution reaction. The 
monohalogenation product is generally of sufficiently high boiling temperature compared to the 
alkane that we can isolate it with ease. If perhalogenation (substitution of all of the hydrogens 
in a molecule by halogen) is our goal, we use an excess of the halogen and a long reaction time. 

For the introduction of a single halogen at a specific site in a complex molecule, the useful- 
ness of free radical halogenation with molecular halogen is very limited. One exception to this 
limitation is the replacement of a tertiary hydrogen by a bromine. The high degree of selectivity 
of bromination allows us to accomplish this substitution efficiently. 


OTHER HALOGENATION REACTIONS 


Other halogenating agents than the halogen molecules themselves can be used to achieve sub- 
stitution of halogen for hydrogen in alkanes. The most common of these is sulfuryl chloride, 
ЗО,Сђ. Sulfuryl chloride is the bis acid chloride of sulfuric acid (both acidic hydroxyl groups 
of sulfuric acid are replaced by halogen atoms). Used with a free radical initiator, sulfuryl chlo- 
ride promotes chlorine substitution for hydrogen more rapidly than does chlorine itself. 
Moreover, it involves a liquid rather than a gaseous reagent. Its use is troubled by the same dif- 
ficulties found with molecular chlorine. Specifically, multiple products are formed and the 
reaction is unselective. An example of the use of sulfuryl chloride is shown in Equation 13.8. 


(CH35)CHCH(CH3)CH5CI 
. 1-chloro-2,3-dimethylbutane 
(CH3)2CHCH(CH3), +SO,Cl, benzoyl peroxide 63% yield 
— 
2,3-dimethylbutane heat T 
(СНУ CHC(CD(CH3); 


2-chloro-2,3-dimethylbutane 
37% yield 
(Eq. 13.8) 


CHAPTER 13 + ALKANES AND CYCLOALKANES П 421 


13.5 CVCLOPROPANE FORMATION AND REACTIONS 


GENERAL 


Among the cycloalkanes, cyclopropane is a special situation. The cyclopropane ring is highly 
strained, leading to the occurrance of chemical reactions unlike those of other alkanes and 
cycloalkanes. In the following sections we will focus on cyclopropane and its derivatives. First, 
we will decribe methods for the synthesis of cyclopropanes, and then we will explore the 
unusual reactivity of these interesting compounds. We will then consider larger ring systems in 
greater detail. 


FORMATION OF THE CYCLOPROPANE RING 


A convenient method for the preparation of cyclopropanes is the reaction of alkenes with diva- 
lent carbon species (i.e., substances containing a carbon atom that is involved in only two bonds). 
A reaction of this type was described briefly in the previous chapter. Divalent carbon species, 
sometimes called carbenes or carbenoids, are highly reactive and must be generated in situ. 

The simplest carbene is methylene, :CH . Free methylene is most commonly prepared by the 
decomposition (thermolysis or photolysis) of diazomethane (CH2N2), which is a highly toxic 
and explosive compound. We must generate diazomethane itself in situ and handle it with great 
care. In the reaction scheme shown in Figure 13.9, it is generated by the reaction of base on 
N-nitroso-N-methyltoluenesulfonamide. Also shown is the reaction of methylene (from the 
decomposition of diazomethane) with methylpropene. 

Difficulties in performing reactions with diazomethane and the complex nature of the prod- 
uct mixtures obtained have spurred the search for other methods of generating cyclopropanes. 
One method that achieves a cyclopropane synthesis while avoiding the difficulties of methylene 


о о 
|j „а | 
HC—( )—8—N „но ———> Hy CN; „НО KH,C-(. )—8—0- 
\ 
о N=0 О 


N-nitroso-N-methyltoluenesulfonamide 


Њ СМ —>^ Н.С: +№ 
or hv 


H5C: t (СНз), С= CH, — А сн, + (СНС = CHCH; + CH3CH,(CH3)C = CH, 


CH3 
1.00 0.09 0.11 (relative amounts) 


Figure 13.9 Formation and reaction of methylene. Methylene is prepared by the 
decomposition of diazomethane. Diazomethane must be prepared in situ. 
One method of preparation involves treating N-nitroso-N-methyltoluene- 
sulfonamide with base. Once formed, diazomethane can undergo several 
types of reactions. With methylpropene, the major route of reaction is 
addition to the olefinic linkage. Minor products result from its insertion into 
carbon-hydrogen and carbon-carbon bonds. 
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generation (no insertion products, no diazomethane generation) is the Simmons-Smith 
reaction. In the Simmons-Smith reaction diiodomethane is treated with a zinc-copper alloy to 
give an organometallic species. The structure of this organometallic is complex, but it is usually 
shown in simplified form as in 13.1. 


I—CH;— 21 
(prepared from СНІ + Zn) 
13.1 


The reagent undergoes reaction with alkenes to give cyclopropanes as the only organic prod- 
uct. Examples are shown in Equations 13.9 and 13.10. The reaction is completely 
stereospecific—the geometry of the original alkene is maintained in the cyclopropane product. As 
shown in Equation 13.9, the reaction of cis-2-butene produces only cis-1,2-dimethylcyclopropane. 


CH4L H3C СН; 
Zn( Cu) H H 


cis-2-butene cis-1,2- dimethylcyclopropane 
50% yield (Eq. 13.9) 
OM 
E Cu) 
4-vinylcyclohexene 3-cycloproplynorcarane 
67% yield (Eq. 13.10) 


No free methylene (:СН; species) is generated in the Simmons-Smith reaction. However, the 
organometallic reacts to give the same product as would be anticipated with :СН, itself. For this 
reason we say that the organometallic is a carbenoid or a carbene-equivalent. 

Other divalent carbon species can be prepared and allowed to react with alkenes to form cyclo- 
propanes. The most common of these is dichlorocarbene, which we met in Chapter 12. We will 
now consider the mechanism of its production from chloroform and its reaction with cyclohexene. 


Mechanism of Reaction 


Overall: 
CHCl, a 


——————- 
KOC(CH3) 
НОС(СН;); 
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Step 1 Acid/base reaction of chloroform and tert-butoxide ion: 
HCCh + ОС(СНа)з ------- “CCl, + НОС(СН;); 
Step 2 Loss of chloride ion from the trichloromethyl anion: 
ССІ — СГ + :CCh 


Step 3 Addition of dichlorocarbene to the alkene. 


:CCl, + — > 


CLEAVAGE REACTIONS OF THE CYCLOPROPANE RING 


Cyclopropane and its derivatives undergo a number of reactions that are not typical of alkanes 
or other cycloalkanes. These special reactions are a direct result of the nature of the ring 
carbon-carbon bonds in cyclopropanes. For example, 1,1-diethylcyclopropane reacts with 
hydrogen gas in the presence of a platinum catalyst to form 3,3-dimethylpentane, as shown in 
Equation 13.11. 


H5, РО» 
(CH3CH)),C(CH3), 
3,3-dimethylpentane 
80% yield 


1,1-diethylcyclopropane (Eq. 13.11) 


Carbon-carbon bonds that are not part of a cyclopropane ring are not broken under these 


conditions. Among the cyclopropane ring bonds, that which is least highly substituted is that 
which is cleaved. Thus, cyclopropane rings can be cleaved selectively at particular sites within 
them and in the presence of other rings using these conditions. An example is shown in 
Equation 13.12. 


H,, РО; 


acetic acid 


1-(1-adamantyl)-1-methylcyclopropane 1-tert-butyladamantane 
96% yield 
(Eq. 13.12) 
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The cyclopropane ring is also unique among rings in its reaction with halogens. Cyclopropanes 
undergo addition reactions with halogens, while other cycloalkanes (and alkanes) undergo only 
free radical substitution reactions. An example of this type of reaction is shown in Equation 13.13. 

Likewise, hydrogen halides add to cyclopropane and its derivatives, as shown in 
Equation 13.14. 


СН,Вг 
CH3 в, са, 2 
НЗС Вг 
trans-1,2-dimethylcyclopropane 1,3-dibromo-2-methylbutane 
84% yield (Eq. 13.13) 
СН;СН; НВг 
= (СНзСН>)›СНВг 
ethylcyclopropane 3-bromopentane 
79% yield (Eq. 13.14) 


13.6 COMPARISON OF CYCLOPROPANE, 
CYCLOBUTANE AND СУСТОРЕМТАМЕ 


Cyclopropane suffers not only from angle strain but also from torsional strain. The molecule is 
forced into a rigid triangular structure in which the hydrogen atoms on adjacent carbon atoms 
are essentially eclipsed, as shown in Figure 13.10. Approximately 6 kcal/mole of strain in cyclo- 
propane can be attributed to this feature. 


H à uH : 
H 
H H H 
Hg 
H 


Newman projection 
looking along a 
ring bond 


FIGURE 13.10 Eclipsing in cyclopropane. Torsional strain is present along with angle strain. 
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Unlike cyclopropane, cyclobutane is able to undergo some bending away from a rigidly 
planar structure. In the gas phase the cyclobutane ring is somewhat puckered, as shown in 
Figure 13.11. The ring puckering relieves the considerable torsional strain (at the expense of 
angle strain) that would be present in a planar structure. There would be eight hydrogen-hydrogen 
eclipsing interactions in a planar structure. The geometry of some substituted cyclobutanes is, 
however, planar or close to planar. 

In general, we find that as the size of the ring increases, deviations from planarity decrease 
the amount of torsional strain. 

If we view the cyclobutane molecule in a Newman projection along one of the ring bonds, 
we can see the limits to rotation, as illustrated in Figure 13.12. 

The stereochemistry of cyclopentane is rather interesting. If the molecule were planar, the 
internal bond angles of cyclopentane would be very close to tetrahedral. We can compute the 
interior angles of any regular polygon using the formula 


а = [180 — (360/n)] 


where n is the number of sides to the polygon. We see that a regular pentagon has interior angles 
of 108°, very close to the tetrahedral angle of 109?28'. Clearly, there would be little angle strain 
in planar cyclopentane. However, planar cyclopentane would possess considerable torsional 
strain because there would be ten hydrogen-hydrogen eclipsing interactions. Cyclopentane, like 
cyclobutane, bends from a planar array to avoid the torsional strain. 


Figure 13.11 Puckered ring of cyclobutane. The puckering of the ring overcomes the 
torsional strain that would be present if the ring were planar. 


H H 
H 


FIGURE 13.12 Newman projections of cyclobutane. The limit to rotation about a ring carbon- 
carbon bond of cyclobutane is rather small. For the interconversion of the 
(limiting) structures shown, each ring bond must undergo a rotation of 
approximately 70°. Rotation about a ring bond can proceed no further in either 
direction or else the remaining ring bonds would be stretched to breaking. 
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pe edt 


FIGURE 13.13 Puckered conformations of cyclopentane. An equilibrium of different 
puckered forms exists in cyclopentane. 


при _ << Ко ош | з | 


chair half chair twist boat boat 


Figure 13.14 Various conformations of cyclohexane. 


A puckered form of cyclopentane has four of the five ring carbon atoms occupying the same 
plane. (Recall, three points define a plane.) However, the fifth ring carbon atom is twisted 
slightly out of that plane. Moreover, the ring bonds undergo rapid (albeit small) rotation mov- 
ing the molecule between different puckered forms (see Figure 13.13). The energy barrier for 
this interconversion is measured as 5.2 kcal/mole. 


13.7 CYCLOHEXANE RINGS 


CHAIR CONFORMATIONS: EQUATORIAL AND AXIAL BONDS 


The cyclohexane ring (and other six-membered rings) occupies a special place among cyclic 
structures. Six-membered rings are the most important and common of all ring systems. Among 
the most important groups of compounds containing six-membered rings are hormones, many 
plant products, and sugars. Heat of combustion data shows that a cyclohexane ring is unstrained. 
This lack of strain accounts in part for its common occurrence. 

There are several shapes that a cyclohexane ring can assume; some important ones are shown 
in Figure 13.14. The most important of these conformations is the chair conformation, in which 
all forms of strain are at a minimum. Compare the chair and boat conformations, shown together 
in Figure 13.15. Models are shown along with conventionally drawn structures. Although both 
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view along | 
these two bonds 


simultaneously 


sk eet 


For the chair conformation, carbon-hydrogen bonds on neighboring carbon atoms are staggered. 


eve 


view along 
these two bonds 
simultaneously 


$: 


For the boat conformation of cyclohexane, carbon-hydrogen bonds оп two sets of adjacent carbon atoms 
are eclipsed. 


> 


Fiure 13.15 Views of chair and boat conformations of cyclohexane. Sighting along the 
ring bonds generates Newman projections for each conformation. With the 
chair conformation we clearly see that all carbon-hydrogen bonds on adjacent 
carbon atoms are staggered. (We get the same view no matter which ring 
bonds we choose.) With the boat conformation we see eclipsing of four pairs 
of carbon-hydrogen bonds as well as the carbon-methylene-carbon bonds. The 
boat conformation is 7.1 kcal/mole less stable than is the chair conformation. 
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conformations are free of angle strain, the boat conformation suffers from hydrogen-hydrogen 
eclipsing interactions as well as carbon-carbon bond eclipsing interactions while the chair 
conformation does not. 

The relative energies of the several conformations of cyclohexane are shown in Figure 13.16. 
In the following discussion we will concentrate on the chair conformation, which is the confor- 
mation most commonly adopted by cyclohexane and its derivatives. However, we will also need 
to discuss the boat conformation as it is important for those times we consider bicyclic mole- 
cules with six-membered rings. 

Chair structures have several subtle but extremely important nuances that are best seen with 
molecular models. Models of the chair and boat conformations were shown in Figure 13.15. 
We strongly suggest that you work through this section with molecular models in hand. A meas- 
ure of the significance of this area of organic chemistry is to be noted by the awarding of the 
Nobel Prize in Chemistry in 1969 to Professor Derek Barton (Imperial College, London, and 
later Texas A & M University) and Professor Odd Hassell (University of Oslo, Norway) for their 
insights into the conformational analysis of cyclohexane derivatives. 

Although models are invaluable, you must also learn to draw the chair conformation 
properly. Figure 13.17 illustrates some important features of a properly drawn structure. (The 
construction of drawings of chair conformations of cyclohexane are somewhat simplified using 
chemical drawing programs, as have been used with the preparation of this writing, and molec- 
ular modeling programs as have been used to show the models herein. However, these computer 


half-chair #1 half chair #2 
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NS 


11 kcal/mole 


Potential 
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5.5 kcal/mole 7.1 kcal/mole 
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Ring bond rotation 


Figure 13.16 Energies of conformations of cyclohexane. The conformations of cyclohexane 
are interconverted by partial rotation about the ring bonds. The chair form is 
the most stable conformation. Note that upon rotation one chair 
conformation is converted into a different chair conformation. 
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Bonds e and b are parallel and slanted slightly down to the 
right. Bonds a and d are parallel, as are bonds c and f. 


Figure 13.17 Chair conformations of cyclohexane. An accurately drawn chair conformation for 
cyclohexane should have three sets of parallel ring bonds. When viewing such a 
drawing, we recognize (by convention) that a lower bond (such as b) is in front 
(closer to the viewer) and that an upper bond (such as e) is in back (further from 
the viewer). In drawing the chair, each bond should be drawn separately in a single 
stroke. After the first bond is placed, each successive bond should be drawn about 
the ring maintaining the parallel relationships noted. 


down 
Equatorial bonds are directed out In a properly drawn structure, 
from the side of the ring. They equatorial bonds are shown 
alternate slightly up, down, up, down, parallel to ring bonds. For 
up, and down about the ring. example, C—H bond 1 is parallel 


to ring C—C bonds e and 5. 


Figure 13.18 The six equatorial carbon-hydrogen bonds of cyclohexane. Two drawings of 
cyclohexane are shown emphasizing the equatorial bonds. Note that bonds 
6, 2, and 1 all point to the right on the drawings, while bonds 5, 4, and 3 all 
point toward the left. 


programs do not do everything and some level of ability in actually drawing the structures by 
hand is always necessary.) 

A very important feature of the chair conformation of cyclohexane is that two different types 
of carbon-hydrogen bonds are present; axial and equatorial. The six equatorial carbon-hydro- 
gen bonds of cyclohexane are emphasized in the structure shown in Figure 13.18. These 
equatorial bonds are directed out from the sides of the ring, alternating slightly up and down 
with dihedral angles of 60° relative to adjacent equatorial bonds. 

The remaining six carbon-hydrogen bonds of cyclohexane are directed up from the top and 
down from the bottom of the ring. Three of these (on alternating carbons) are directed upward 
from the plane of the ring, and the remaining three are directed downward from the plane of the 
ring. These bonds, referred to as axial bonds, are emphasized in Figure 13.19. 

In general, substituents on a cyclohexane ring are referred to as being in an axial or an equa- 
torial positon, depending on the type of bond attaching them to the ring. 
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up up 


b| 


down 
down down 


The six axial carbon-hydrogen 
bonds of cyclohexane are shown. 
Like equatorial bonds, they 
alternate up and down on adjacent 
carbon atoms 


Ғісиве 13.19 The six axial carbon-hydrogen bonds of cyclohexane. The structure on the 
left shows the arrangement of the six axial bonds of cyclohexane. The 
equatorial bonds are omitted for clarity. On the right is shown the chair 
conformation of cyclohexane with the full set of axial and equatorial bonds. 
Note that on any particular carbon atom there is one axial and one equatorial 
bond. Furthermore, notice that if the axial bond points downward, the 
equatorial bond points upward on any particular carbon atom. 


Е CI 
СІ 


СІ 
Н 
СІ 
Н 


Figure 13.20 Conformation of trans-1,2-dichlorocyclohexane. A chair conformation of 
trans-1,2-dichlorocyclohexane must have either both chlorines axial or both 
chlorines equatorial. 


Some bonds in a chair conformation point up and some point down. This difference is 
most notable upon comparing axial bonds but is also true for equatorial bonds. Both axial and 
equatorial bonds alternate in pointing up and down on adjacent carbon atoms around the ring. 
These orientations are important for recognizing cis/trans relationships. For example, with a 
1,2-dichlorocyclohexane in which both chlorine atoms are adjacent and equatorial, we note 
the structure to be the trans isomer; one equatorial carbon-chlorine bond points up and the 
other points down. In another rotational form of the same isomer (the alternative chair 
conformation), both chlorines occupy adjacent axial positions (see Figure 13.20). These 
diequatorial and diaxial structures are actually different conformational forms of trans-1,2- 
dichlorocyclohexane, and they are in equilibrium with each other. (We will consider this 
equilibrium in more detail in the next section.) If we consider cis-1,2-dichlorocyclohexane, 
we recognize that one of the chlorines must be equatorial and the other must be axial, as 
shown in Figure 13.21. 
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СІ H 


CI 
CI 
CI 


FIGURE 13.21 Chair conformation of cis-1,2-dichlorocyclohexane. In the chair conformation 
of cis-1,2-dichlorocyclohexane, one chlorine must be axial and one must be 
equatorial. 


Two CHAIR Еовм5 IN DYNAMIC EQUILIBRIUM 


Because of the geometric constraints associated with ring systems, only partial rotation about the 
ring bonds is possible. In the instance of cyclohexane, the maximum rotation about a ring carbon- 
carbon bond is 120°. If each ring bond undergoes a rotation of 120° simultaneously, one chair form 
is converted into the alternative chair form, as is illustrated in Figure 13.22. One way to visualize 
this conversion is to think of one corner rotating upward as the opposite corner rotates downward. 
Note that in the process of ring bond rotation, each original axial bond becomes equatorial and 
each original equatorial bond becomes axial. Models are of substantial help in visualizing these 
changes. 

The rotations about cyclohexane ring bonds occur very rapidly under normal laboratory con- 
ditions. Since there is only a low energy barrier for the rotation (see Figure 13.16), the two chair 
forms interconvert readily and are in dynamic equilibrium. Moreover, since the two forms are of 
equal energy, they are present in equal amounts at equilibrium. Each hydrogen has an equal 
probability of being found in an axial or an equatorial position at any given instance. 

For substituted cyclohexanes the two possible 


conformations are generally of different energies. Chemical Biog ra phy 
(It is possible that the two forms are of equal 

energy; we will see when this situation occurs.) DEREK HAROLD RICHARD 
The simplest situations to be considered are those BARTON 

of monosubstituted cyclohexanes. The chair con- GERNE 

formation in which the substituent is in an d. 1998 

equatorial position is more stable and therefore ТО) ксл гс го: 
more abundant (see Figure 13.23). (Heilbron & Jones) 1942 


The difference in energy between the two con- 
formations results from steric strain. To appreciate 
its source, we need to examine closely the spatial 


Nobel Prize (Chemistry) 1969 
British Knighthood 1972 


relationship among the axial substituents. If we ODD HASSELL 

view an unsubstituted cyclohexane molecule, we b. 1897 

see three axial hydrogens pointing down and d. 1981 

another three pointing up. The three axial hydro- Ph.D. University of Berlin 1924 


gens lying on the same side of the ring are too far 
apart to produce any steric strain (Figure 13.24). 


Nobel Prize (Chemistry) 1969 
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FIGURE 13.22 Interconversion of chair conformations of cyclohexane. Consider the starred 
carbon atoms being rotated in the directions indicated. Each of the 
equatorial and axial positions is interconverted in the process. 


CH, 
H 
H 


equatorial methyl group axial methyl group 
95% at equilibrium 5% at equilibrium 


FIGURE 13.23 Conformation of methylcyclohexane. The conformation with the methyl 
group in an equatorial position is the more stable one by 1.8 kcal/mole. At 
room temperature 95% of methylcyclohexane molecules exist with the 
methyl group in an equatorial position. 


| 
H <-> H 
н 22 
Н —H distance 2.3 A 


FIGURE 13.24 Axial hydrogens of cyclohexane. The axial hydrogens of cyclohexane аге too 
far apart to produce any steric strain among them. 


However, when an axial hydrogen is replaced by an axial methyl group, there is steric strain. 
The distance between the axial methyl group and the axial hydrogens is less than the sum of 
their van der Waals radii. This steric interaction is called a 1,3-methyl/hydrogen diaxial inter- 
action. The conformation in which the methyl group is in an equatorial position suffers no such 
steric strain since the methyl group points away from the rest of the molecule (see Figure 13.25). 
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H 
H 
— CH; 
| 
H 
x C uu 
н јоне“ кун 
V H 
1,3-methyl/hydrogen diaxial methyl group causes no steric strain 

interactions 


FIGURE 13.25 1,3-Methyl/hydrogen diaxial interaction. Axial methylcyclohexane suffers 
from two 1,3-methyl/hydrogen diaxial interactions. Each interaction 
destabilizes the structure by 0.9 kcal/mole, for a total destabilization of 
1.8 kcal/mole. 


CH, compared to H H 
N 
CH; 71 


CH H 
b вс 


7 > 14 


gauche interaction 


gauche interaction 


Ғісиве 13.26 Gauche interaction in axial methylcyclohexane. The interaction involves the 
methyl group and a methylene unit (CH;) of the ring. There are two of these 
interactions in an axial methylcyclohexane molecule that are absent from 
the equatorial conformation of the same molecule. A view of the gauche 
conformation of butane is also shown for comparison. 


The strain resulting from 1,3-methyl/hydrogen diaxial interaction is the same strain we asso- 
ciate with a gauche-butane interaction. The identical magnitude of the interaction is not a 
coincidence. The steric strain embodied in a 1,3-methy/hydrogen diaxial interaction can be 
viewed using a Newman projection as a gauche-butane interaction between a methyl and a meth- 
ylene group, as shown in Figure 13.26. 

Describing the repulsion as a 1,3-methyl/hydrogen diaxial interaction or as a gauche-butane 
interaction are equivalent ways of describing the phenomonon. The amount of strain associated 
with a substituent being located in an axial position depends on the bulk of the substituent. The 
magnitudes of strain caused by some common substituents are shown in Table 13.2. 
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TABLE 13.2 Steric Strain Associated with 1,3-Diaxial Interactions. 


Substituent Strain due to one H-Y 
interaction(kcal/mole) 

CH; 0.90 

C-H; 0.96 

CH(CH3); 1.10 

С(СН;); 2.70 

ОН 0.50 

С1, Вг 0.24 


Special Topic 


Position of Equilibria 


We have been noting that the position of equilibrium between two interconverting species is depend- 
ent on the energy difference between those species. We can make reasonable estimates of those 
equilibrium constants and the quantities of interconverting species present at equilibrium based on 
thermodynamics. For an equilibrium of the type 


— 


A B 


=— 


where A and B are isomers (e.g., axial vs. equatorial orientation of substituents on a cyclohexane 
ring), the equilibrium constant and percentage of more stable isomer present at equilibrium are given 
in the table below as a function of the energy difference (free energy difference) at 25°C. 


% of More Stable K АС; (kcal/mole) 
Isomer 

50 1.00 0 

55 122 0.119 
60 1.50 0.240 
65 1.86 0.367 
70 2.33 0.502 
75 3.00 0.651 
80 4.00 0.821 
85 5.67 1.028 
90 9.00 1.302 
95 19.00 1.745 
98 49.00 2.306 
99 99.00 217273 
9010 999.0 4.092 


99109 9999 5.475 
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From this table we can see that a relatively small free energy difference (AG?) between isomers can 
lead to a very significant difference in equilibrium populations at 25?C; even an amount as small as 
2 kcal/mole difference means that at equilibrium the lower energy isomer will be present to an extent 
of greater than 95%. 


When the substituent is very large, such as with a tert-butyl group, there is a large destabi- 
lization of the conformation with the group in an axial position. As a result, the axial 
conformation is present in only trace amounts in the equilibrium mixture. Nevertheless, the two 
structures are still rapidly interconverting, as is illustrated in Figure 13.27. At any given moment, 
a snapshot of the mixture would show >999 molecules of the structure e for every one molecule 
of structure a present in a mixture of the two. 

In summary, the chair conformation for monosubstituted cyclohexanes is more stable with 
the substituent in an equatorial position than in an axial position. For disubstituted or polysub- 
stituted cyclohexanes, this analysis is not so simple. Consider trans-1,2-dimethylcyclohexane 
and cis-1,2-dimethylcyclohexane. 

For the trans isomer the two conformations shown in Figure 13.28 are possible. The con- 
formation with both methyl groups in equatorial positions is far more stable than that with 
both methyl groups in axial positions. However, with the cis isomer, each of the two possi- 
ble conformations necessarily involves one methyl group in an axial position; locating one 
substituent in an axial position can not be avoided, regardless of the chair conformation 
adopted. 

Although there is a general preference for substituents to occupy equatorial positions, at 
times the location of a substituent in an axial position is favored by other interactions. 
Hydrogen bonding is one important interaction that produces this result. An example is illus- 
trated in Figure 13.29. 


H 
CH 
go m 
C о 
| “сн; H 
Н; c 
ЊС“, ~ 
HC / Ген; 
е а 


Figure 13.27 Conformation of tert-butylcyclohexane. The tert-butyl group is responsible 
for a large steric strain when present in an axial position. The result is that 
only one chair conformation needs to be considered, the conformation on 
the left. (This does not mean that the structure on the right doesn't exist; the 
two are in rapid equilibrium with the structure on the right being present to 
only a very small extent. Similarly, other cyclohexane derivatives containing 
a tert-butyl group tend to adopt a conformation in which the tert-butyl 
group is equatorial. 
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CH, 
еа а 


Figure 13.28 Chair conformations of trans- and cis-1,2-dimethylcyclohexanes. For the 
trans isomer, the chair conformation with both methyl groups in equatorial 
positions is significantly more stable than the chair conformation with both 
methyl groups in axial positions. Almost all (29996) of the trans-1,2- 
dimethylcyclohexane molecules exist in the diequatorial form at 25?C. For 
the cis isomer, one methyl group must be axial regardless of the chair 
conformation adopted, and the amounts of the two conformers are equal. 


MANCA 
O O 


—н.----- —H OH 


cis 


Ғісиве 13.29 Conformation of cis-1,3-cyclohexanediol. The diaxial form is favored over 
the diequatorial form due to a favorable hydrogen-bonding interaction in 
the diaxial conformation. The stabilization (~5 kcal/mole) of intramolecular 
hydrogen bonding is absent in the diequatorial conformation. 


13.8 A CLOSER LOOK AT OTHER CYCLOHEXANE 
CONFORMATIONS 


There are three rotational forms of cyclohexane in which the bond angles are all tetrahedral 
(1099287): the chair, the boat, and the twist boat. We have discussed the chair form in detail in 
the preceding section, so we will now examine the boat and twist boat forms. As illustrated in 
Figure 13.30, we can generate the boat conformation from the chair conformation by twisting 
only one corner of the chair. 

The boat form of cyclohexane is important for bicyclic compounds in which the 1- and 
4-positions are joined by a bridge. We have already seen several examples of this type of com- 
pound. Examples are shown in Figure 13.31 which emphasize the boat geometry. 

Compounds of this type, which are locked in a boat geometry, are useful for a variety of 
mechanistic determinations. We will discuss two such applications here. 
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== 


| 
FIGURE 13.30 Interconversion of chair and boat forms of cyclohexane. A chair 
conformation is changed into a boat conformation by twisting only one 


corner. 


viewed from the side viewed from an end 


bicyclo[2.2.1]heptane 


viewed from the side viewed from an end 


bicyclo[2.2.2]octane 


Ғісиве 13.31 Two bicyclic compounds that incorporate a boat cyclohexane structure. The 
bonds external to the ring are all to hydrogen. 


Consider the geometry of elimination reactions via an E2 mechanism (Chapter 12). There is 
much evidence to indicate that the elimination is successful if the eliminated groups are anti in 
the starting material. Bicycles provide a test for the possibility of syn elimination. A bicyclic 
compound that is held in a boat conformation can be used to lock groups to be eliminated in a 
syn relationship. 
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Consider using cis-2-bromo-3-deuteriobicyclo[2.2.2]octane in an elimination reaction. We 
isolate only a single alkene product in this reaction. The product indicates that the elements of 
DBr were eliminated, but not those of HBr (see Figure 13.32). This and similar experiments 
indicate that syn elimination occurs in such systems where anti elimination is impossible. 

A second mechanistic point that the boat geometry of such bicyclics illustrates is the 
requirement for a planar array of groups about a carbocation center. Normally, tertiary 
haloalkanes undergo Sy1 reaction very rapidly. On this basis we would anticipate 1-bromobi- 
cyclo[2.2.1]heptane to undergo ethanol solvolysis rapidly. (The competing 5қ2 reaction is 
clearly prohibited because the nucleophile can not approach from the side opposite that of 
bromine attachment.) 

However, Syl reaction proceeds at a negligible rate with this material. We infer that Syl 
product does not form because a carbocation is not generated. A carbocation at the bridgehead 
position would require the bicycle to become flattened and would involve the introduction of 
considerable angle strain. This situation is illustrated in Figure 13.33. Use of a model helps in 
visualizing these structural relationships. 

The twist boat (or simply twist) conformation is a structure that is a species along the way 
when one chair conformation converts into the alternative chair conformation. The conforma- 
tion existing at the relative energy maxima between chair and twist boat forms are half-chair 
forms. The relationships among these forms have been shown in Figure 13.14 and Figure 13.16. 

It is estimated for cyclohexane and most simple monosubstituted cyclohexanes, that the twist 
boat is 5.5 kcal/mole higher in energy than the chair conformation. Thus, the twist boat is pres- 
ent only in very small concentrations at equilibrium. However, it becomes somewhat more 
important if the chair forms are raised in energy by the presence of bulky groups in a cis-1,2- 
relationship, as, for example, in cis-1,2-di-tert-butylcyclohexane (13.2). In either chair form, one 
bulky tert-butyl group would necessarily be in an axial position, making the structure one of 
very high energy. This is partially avoided with the twist conformation. 


-aD NaOCH,CH, H 
-------- 
Н 
Br 
H H 
D 
H 
not formed 


Figure 13.32 A test case for syn elimination. Only DBr is eliminated from the bicyclic 
compound using sodium ethoxide. The D and Br are in a syn periplanar 
arrangement, whereas H and Br have a dihedral angle of 120°. 


CHAPTER 13 + ALKANES AND CYCLOALKANES П 439 


‘be 


OCH,CH, 


а Š 
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planar carbocation 
structure 


planarity about the 
carbocation site is 
not possible 


FIGURE 13.33 Carbocation generation at a bridgehead position. A carbocation can not 
achieve planarity at a bridgehead position. Thus, it will form only rarely, 
even though the site is tertiary. 
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13.2 


A molecule that is locked into a twist conformation has also been synthesized. Bridging both 
the 1,4- and the 2,5-positions of cyclohexane gives a completely rigid molecule known as 
twistane (13.3), in which a cyclohexane ring is maintained in a twist geometry. 


13.3 


The synthesis of substances with unusual geometries, such as twistane, is a fascinating area 
of research in organic chemistry. The fruits of such research are an improved understanding of 
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structure and of the ways in which structure affects properties. Highly strained compounds and 
compounds in unusual conformations often have different properties compared to similar com- 
pounds of normal conformation. 


13.9 RINGS LARGER THAN SIX CARBONS 


From combustion data we find that moderate-sized rings of more than six carbon atoms are 
slightly less stable than is cyclohexane. This indicates that there is some strain (usually from non- 
bonded repulsion between hydrogen atoms) in these molecules. The saturated six-membered ring 
is unique in that it is the only small or medium-sized ring system that is free of all three types of 
strain (bond angle strain, torsional strain, and angle strain). 

The shapes of seven-, eight-, and nine-membered rings are illustrated in Figure 13.34. The 
differentiation of axial and equatorial positions is also unique to the six-membered rings. With 
larger rings, this distinction is blurred, although the cis/trans differentiation still exists. 


13.10 RING EXPANSION AND CONTRACTIONS 


In some reactions of cyclic systems, the product contains a ring of a different size than the start- 
ing material did. We say that ring expansion or ring contraction has occurred in these reactions. 
Two examples are shown in Figure 13.35. While these changes in ring size might initially seem 


2 ооз AEN 


cycloheptane cycloóctane cyclononane 


FIGURE 13.34 Conformations of seven-, eight- and nine-membered rings. 


сн; 
НВг 
CH; aring expansion 
C(CH3) 4 
Br 
OH (+ other products) 
нас СН; 
ux: H5SO, C(CH3)3 a ring contraction 
OH — 


(+ other products) 


Ғісиве 13.35 Ring expansion and ring contraction reactions. In a ring expansion, the 
product contains a larger ring than did the reactant. In a ring contraction, 
the converse is true. 
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Mechanism of Reaction 


СН» 
НВг 
— CH; 
ссн Br 
OH 
Steps 1 and 2 Formation of a carbocation by protonation of the alcohol and loss of water: 


1.H* 
ee 
2. H,O 
«Сн»; C(CH3); 
+ 
OH 


Overall: 


Step 3 Rearrangement of the carbocation by alkide migration: 


Step 4 Combination of the carbocation with a bromide anion. 


Br 
x CH; Br. ras 
------- 
а, ^ 


puzzling, they do have a rational explanation. Both examples involve carbocation rearrange- 
ments of a type we met earlier. 

Consider first the ring expansion reaction from Figure 13.35. We understand the mechanism of 
this reaction to involve protonation of the alcohol followed by the loss of water, leading to a terti- 
ary carbcation. However, even though the carbocation is tertiary, there is strain associated with the 
cyclobutane ring. This strain can be relieved by a carbocation rearrangement. One of the bonds adja- 
cent to the carbocation site shifts (with its bonding pair of electrons) to bind to the positively charged 
carbon atom. This shift generates a five-membered ring with significantly less strain. Even though 
the rearrangement in this reaction leads to a secondary carbocation from a tertiary carbocation, it is 
a favorable process. The relief of ring strain on going from a four- to a five-membered ring is con- 
siderable - more than enough to compensate for changing from a tertiary to a secondary carbocation. 
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Mechanism of Reaction 


Overall: 


Н.С СН; 
CH 
3 C(CH3 
CH; H,SO, 
--------- 


Steps 1 and 2 Formation of a carbocation by protonation of the alcohol and loss of water: 
НЗС СН; Н;С СН; 
СН; СН; 
ОН 


1. H* 
-------- 
2- H,O 


Step 3 Rearrangement of the carbocation by alkide migration. This rearrangement relievs the 
strain of the seven-membered ring: 


нс, CH 
Н.С CH, 
CH, CH; 
+ 
------> 
CH; 
+ 


Step 4 Further rearrangement by methide migration: 


H4C 
нс. НЗС 


C CH; 
А сн, 
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Step 5 Loss of a proton to a base present in the reaction system to generate the alkene product. 


+ C(CH3), 


The conversion of 1,2,2-trimethylcycloheptanol to a six-membered ring product (Figure 13.35) 
is similar. The driving force for this reaction may also be seen by looking at the mechanism and 
involves again a relief of strain. 


* Cyclic molecules adopt conformations that result in minimal strain. 


* Minimization of strain at times involves a compromise between angle strain and torsional 
strain. For example, cyclobutane puckers out of a planar geometry to relieve torsional 
strain, although puckering does increase the angle strain. 


* For simple cyclohexane derivatives, the most important conformation is the chair 
conformation. 


* Chair conformations contain two types of linkages to the ring. These linkages are axial 
and equatorial with respect to a horizontal plane through the ring. 


* The orientations of both axial and equatorial bonds alternate up and down going around 
the cyclohexane ring. 


* Two chair conformations of simple cyclohexane derivatives can always exist and are in 
rapid equilibrium. 

* The conversion of one chair to another results in all original equatorial substituents 
becoming axial and all original axial substituents becoming equatorial. 


* Substituents generally produce less strain in equatorial positions than they do in axial 
positions. In axial positions they normally cause steric strain because they are located 
close to axially oriented groups across the ring. Repulsions between these groups are 
known as 1,3-diaxial interactions. 


+ It is sometimes necessary to consider cyclohexane conformations other than the chair. 


* Most notable of the nonchair cyclohexane conformations is the boat conformation; it is 
often found in bicyclic compounds containing a bridged six-membered ring. 
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* Alkanes and cycloalkanes react with halogens under thermal or photochemical conditions 
through free radical chain mechanisms. 


¢ In many free radical halogenations, mixtures of products are formed. The product 
distribution depends on both statistical factors (the relative number of hydrogen atoms of 
different types) and on reactivity factors (how reactive primary, secondary, and tertiary 
hydrogens are toward abstraction by a halogen atom). 


Terms to Remember 


chain-initiation step Simmons-Smith reaction 1,3-methyl/hydrogen diaxial 
chain-propagation steps chair conformation interaction 
chain-termination steps boat conformation Bredt’s rule 
perhalogenation axial twist boat 
sulfuryl chloride equatorial half-chair 
diazomethane 
Reactions of Synthetic Utility 
NaBH. 
54. вх — ‘4s к-н 
DMSO 


X-CLBrLR-1,X 


· R-X ----- R-H 
ether 


X = Cl, Br, I; R= 1°, 2°, 3° 


Zn, НСІ 
56. вх —^ кн 


X = Cl, Br, I; R= 1°, 2° 


R'3SnH 
57. R-X ———- кн 
R"OOR" 


X=Br,I; R= Г’, 2° 
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X», hv or heat 
58. R-H ----- R-X 


X =F >> СІ> Br; R=3°>2°>1° > СНА 


CHI, Zn(Cu) 
"TEE, 
stereospecific 
CI 
m СНС, base 
C=C EINE NES 0 CI 


stereospecific 


Problem 13.1 


Draw structures and provide the systematic names of two different bicyclic molecules of 
formula САН 0. 


(answer 


Problem 13.2 


Give systematic names for each of the following molecules: 
a) 
Н.С 
b) 
CI 
c) | 
9) 


(answer 


Problem 13.3 


Give a systematic name for the bicyclic product obtained upon treatment of cyclopentene 
with chloroform and potassium fert-butoxide. 


(answer 


Problem 13.4 


Beginning with 1-pentanol as your only organic starting material, give syntheses for each 
of the following materials: 


a) pentane 

b) 1-deuteriopentane 
с) 2-deuteriopentane 
d) decane 

e) 4-methylnonane 


(answer 


Problem 13.5 
a) Use bond energies (Table 7.1) to compare the exothermicities of the net observed 
reaction in the free radical fluorination, chlorination and bromination of methane to 


produce, respectively, fluoromethane, chloromethane and bromomethane. 


b) Calculate the heats of reaction for Steps 2 and 3 for the bromination of methane. 


(answer 


Problem 13.6 
From the product distribution for the chlorination of 3-methylpentane (Equation 13.6), 


calculate the relative reactivities of primary, secondary, and tertiary hydrogens of alkanes 
in this type of reaction. 


(answer 


Problem 13.7 


The relative yields of the monobrominations products in the reaction of 3-methylpentane 
with bromine are given here. Using these data, calculate the relative reactivities of 
primary, secondary, and tertiary hydrogens of alkanes in reaction with bromine atoms. 


(CH „СН, ) „СВг 


3-bromo-3-ethylpentane 


B 
2 . |(CH,CH,), CHCH(BrCH , 


(СН;СН,);СН я 
еа 
2-bromo-3-ethylpentane 
3-ethylpentane 


(CH; CH,), CHCH, CH,Br 


1-bromo-3-ethylpentane 


(answer) 


Relative 
yields 


0.32 


0.006 


Problem 13.8 

For each of the alkanes listed below, give the structure of each of the possible 
dichlorination products. Consider enantiomeric pairs as one product, but consider 
diastereoisomers as different compounds. 

a) butane 

b) pentane 

с) methylbutane 


d) 2,2-dimethylpropane 


e) cyclopentane 


(answer) 


Problem 13.9 


In the free radical chlorination of propane, three products of formula C6Hi4 are formed in 
small quantity. Give their structures and explain their formation. 


(answer) 


Problem 13.10 


Compare the product distribution illustrated (Equation 13.8) for the reaction of 2,3- 
dimethylbutane and sulfuryl chloride with the product distribution that would be obtained 
using molecular chlorine. Which reagent exhibits the greater degree of selectivity? 


answer) 


Problem 13.11 


Write a mechanism for the formation of chloromethane from methane and sulfuryl 
chloride. (Hint: You need first to ascertain the chain-initiation step.) 


(answer) 


Problem 13.12 


One way of representing the structure of diazomethane is shown below. 
t ee 
Show a further resonance structure in which every atom has a complete octet of electrons. 


Indicate formal charges in your structure. 


(answer 


Problem 13.13 


Classify as cis or trans the dibromocyclohexanes in which: 


a) the two bromines are in a 1,3-relationship and both occupy equatorial positions 
b) the two bromines are in a 1,4-relationship and one is axial while the other is 
equatorial 


(answer 


Problem 13.14 


Using Newman projections of each of the chair conformations of cyclohexane shown in 
Figure 13.22, confirm that the total allowed rotation about a ring bond is 1207. 


(answer 


Problem 13.15 


One of the gauche-butane-type interactions of axial methylcyclohexane was shown in 
Figure 13.26. Draw Newman projections of the molecule (labeling all carbon atoms in all 
views) to show both such interactions. 


(answer) 


Problem 13.16 


Notice in Table 13.2 that there is only a small jump in the magnitude of a 1,3-diaxial 
interaction on going from methyl to ethyl to isopropyl, but the value more than doubles 
on going from isopropyl to tert-butyl. Suggest an explanation for this observation. Use 
molecular models if necessary. 


(answer 


Problem 13.17 
Are the chlorine atoms equatorial or axial in the more important chair conformations of: 
a) cis-1-chloro-4-fert-butylcyclohexane 


b) trans-1-chloro-2-tert-butylcyclohexane 


(answer) 


Problem 13.18 


The diequatorial form of trans-1,2-dimethylcyclohexane contains no axial methyl group, 
yet it suffers from 0.9 kcal/mole of strain (measurable by combustion analyses). 
Similarly, cis- 1,2-dimethylcyclohexane suffers from 2.7 kcal/mole of strain, although it 
contains only one methyl group. Explain why this is so. 


(answer 


Problem 13.19 


Estimate the difference in heats of combustion of cis- and trans-1,2- 
dimethylcyclohexane. 


(answer 


Problem 13.20 
In 1924, Julius Bredt deduced from experimental observations that unless at least one 
ring in a bicyclic is relatively large, carbon-carbon double bonds can not be generated at 


the bridgehead position (Bredt's rule). That is, compounds of the type illustrated below 
can not be formed. 


d> Æ 


Rationalize Bredt's rule in terms of molecular orbital considerations. 


(answer 


Problem 13.21 
Draw all possible structures for: 


a) a substance of formula C5Hs that yields a product of formula С5НзВщц on 
treatment with Br;/CCl,. 


b) a saturated hydrocarbon of formula C5Hio that yields five dibromination products 


on treatment with bromine and irradiation with light (racemic mixtures are considered as 
one product). 


(answer 


Problem 13.22 


Give systematic names for each of the following compounds: 


a) 
b) е 
H 
c) 
d) F 


(answer 


Problem 13.23 

Give the structure with a proper conformational representation for each of the following: 
a) 1,7 7 4rimethylbicyclo[2.2.1]heptane (camphane) 

b) the cis and trans isomers of bicyclo[3.3.0]octane 


с) the cis and trans isomers of bicyclo[4.4.0]decane (decalin) 


(answer 


Problem 13.24 


Draw and name the most strained isomer for each of the following formulas. (HINT: 
None of the required structures contains double bonds.) 


a) СВ 


b) С$Н1о 


(answer 


Problem 13.25 
Under extreme conditions, cyclobutanes can be hydrogenated. Heating ethylcyclobutane 


and hydrogen (1 atmosphere pressure) at 250°C in the presence of palladium on carbon 
results in the formation of two alkanes. Give their structures. 


(answer) 


Problem 13.26 


Although cyclobutane is puckered, some related four-membered ring structures are 
planar. It is observed that the dipole moment of trans-1,3-dibromocyclobutane is 1.10 
Debeys. Is this value consistent with a puckered or a planar structure? Explain your 
answer. 


(answer 


Problem 13.27 
Treatment of methylcyclopropane with HBr yields two isomers of which one is 


dominant. Give structures for the two isomeric products and suggest why one is 
dominant. 


(answer) 


Problem 13.28 
Draw structures for each of the following: 


a) 9,9-dibromobicyclo[6.1.0]nonane 


b) cis- 1,2-dimethylcyclohexane in a chair conformation 

с) trans-1,3-dimethylcyclohexane in a chair conformation 

d) trans-1,4-dimethylcyclohexane in a chair conformation 

e) cis-l-tert-butyl-A-methylcyclohexane in its more stable chair conformation 
f) trans-l-tert-butyl-3-methylcyclohexane in its more stable chair conformation 
g) a substance of formula C4HgCl2 which yields just two isomers (not including 


stereoisomers) of formula C4H7Cl; on free radical chlorination 


h) a substance of formula CzHi3OBr obtained by treating 1-methylcyclopentane with 
bromine in methanol 


(answer) 


Problem 13.29 
Consider the following general reaction: 
С; Н; +X 2 —====2 CH; CH, СН,Х + CH34CH(X)CH 3 


Calculate the relative reactivity of X` atoms with primary and secondary hydrogens if 
95% of the product by weight is CH3CH(X)CH3 and 5% by weight is СВСЊСЊХ. 


(answer 


Problem 13.30 


A chemist allows hexane to react with chlorine in the presence of light. She isolates 1.0 g 
of 1-chlorohexane, plus two other chlorohexane isomers. What are the IUPAC names for 
these other two products? How many grams of each are expected to be formed? (Assume 
that the relative reactivities of 1° and 2° hydrogens with chlorine atoms are 1.0 and 2.25 
respectively. 


(answer 


Problem 13.31 


Name any optically inactive substances produced in the monochlorination (using chlorine 
and light) of each of the following compounds: 


a) (R)-2-chlorobutane 
b) (2R,3R)-2-chloro-3-methylpentane 


(answer) 


Problem 13.32 


When (-)-1-chloro-2-methylpentane is treated with chlorine and light, 1,5-dichloro-2- 
methylpentane is obtained along with other products. Is the 1,5-dichloro-2- 
methylpentane: 


a) R 

b) S 

с) racemic 

d) insufficient information to decide 


Explain your choice. 


(answer) 


Problem 13.33 


Which reagent or combination of reagents would you use to accomplish the following 
conversions in a single step? 


a) deuterioethane from bromoethane 
b) cis-1,2-cyclohexanediol from cyclohexene 
с) tert-butyl bromide from methylpropane 


d) cis- 1,3-cyclopentanedicarbox ylic acid from bicyclo[2.2.1 ]heptane 


(answer 


Problem 13.34 


The following synthetic conversions require more than one step. Suggest a way to 
accomplish each conversion. 


a) 2-deuterio-2-methylpropane from tert-butyl alcohol 
b) 1,3-cyclohexadiene from cyclohexene 
с) 1,1-dichloro-2-ethylcyclopropane from 1 -chlorobutane 


d) bicyclo[4.1.0]heptane from cyclohexanol 


e) cyclohexene from cyclohexane 
f) methylcyclohexane from cyclohexane 
g) 1-bromo-2-methylpropane from tert-butyl chloride 
h) 
H P: 


O O  fromcyclopentane 


Problem 13.35 

Which haloalkane should be used to prepare a lithium dialkyl cuprate that will yield: 
a) 2,3,6-trimethylheptane on treatment with 1 -bromo-3-methylbutane 

b) 2,2,5-trimethylheptane on treatment with 1 -bromo-3,3-dimethylbutane 


(answer 


Problem 13.36 


How many equatorial methyl groups do you expect in the more stable chair conformation 
of each of the following: 


a) Св 
сн; 
b) 
| „св 
CH, 
с) 
"CY" 
CH, 


(answer 


Problem 13.37 
Consider cis- and trans-1,2-dimethylcyclohexane and cis- and trans-1,4- 
dimethylcyclohexane. Do any of these molecules have stereogenic carbon atoms? Do you 


expect any of these molecules to be resolvable, at least in principle? Explain your answer. 


(answer 


Problem 13.38 
Are cis- and trans-1.3-dimethylcyclohexane resolvable in principle? 


(answer) 


Problem 13.39 


Is cis-1,2-dimethylcyclopropane more or less stable than trans-1,2- 
dimethylcyclopropane? Explain. 


(answer) 


Problem 13.40 


Draw structures for the products of each of the following reactions, indicating any 
relevant stereochemical details: 


a) cyclopropane with deuterium (D2) and a Raney nickel hydrogenation catalyst 
b) cyclohexene with brominemonochloride (BrCl) - show the more stable chair 
conformation 


c) 1-methylcyclohexene treated with BD; and worked-up with D,O,/NaOD - show 
the more stable chair conformation 


d) cyclobutylmethanol with sulfuric acid, giving a product of formula C5H; that does 
not contain a four-membered ring 


(answer) 


Problem 13.41 


trans-A-Bromocyclohexanol can be prepared by the addition of HBr to cyclohexane-1,4- 
oxide (structure shown below). Suggest a mechanism for the conversion. 


O 


(answer) 


Problem 13.42 


Estimate the energy difference between Ше two chair conformations of trans-1,4- 
dimethylcyclohexane. 


(answer) 


Problem 13.43 


The more stable chair conformation of both trans-1,4-dimethylcyclohexane and trans- 
1,2-dimethylcyclohexane have both methyl groups in equatorial positions. However, in 
one instance the more stable chair conformation is 3.6 kcal/mole more stable than the less 
stable chair conformation, while in the other instance the two chairs differ by only 2.7 
kcal/mole. Draw the chair structures and use them to explain this difference in relative 
stabilities. 


(answer) 


Problem 13.44 


A 1,3-тећул пету! diaxial interaction has been estimated to be approximately 3.7 
kcal/mole destabilizing. This is significantly more than the 0.9 kcal/mole associated with 
a 1,3-hydrogen/methyl diaxial interaction. Use this value to calculate the energy 
difference between the two chair conformations of cis- 1,3-dimethylcyclohexane. 


(answer) 


Problem 13.45 


Use the values given in the previous problem to estimate the relative stabilities of the two 
chair conformations of trans-1,2,3,5-tetramethylcyclohexane 


(answer) 


Problem 13.46 


There are four possible diastereoisomeric forms of 3,4-dichloro-tert-butylcyclohexane. 
Draw chair conformations for each of these forms. 


(answer) 


Problem 13.47 


The molecules cis- and trans-4-bromo-tert-butylcyclohexane undergo halogen exchange 
(Finkelstein reaction) reaction when treated with sodium iodide in acetone. What 
products will be obtained when each of these isomers is treated under the conditions of 
the Finkelstein reaction? Which isomer do you anticipate reacting more rapidly in the 
initial stages of the reaction? Why? 


(answer 


Problem 13.48 

A graduate student has been working on some synthetic sequences beginning with 1- 
methylcyclohexene. However, he has lost his laboratory notebook and can not remember 
the conditions he used for the thionyl chloride reaction of the following sequence. 


Specifically, did he or did he not use hexamethylphosphoric triamide (HMPT) along with 
the thionyl chloride? 


hydroboration/oxidation 


> [СНО] 


ОСІ, 


М 
ІСІН; СП 


косн,сн; 
носн,сн; 


only alkene product 


Fortunately, it is possible to deduce what the conditions must have been. Was HMPT 
used as the solvent? Explain. 


(answer) 


Problem 13.49 


Show a complete mechanism for the reaction in which the alkene shown below reacts 
with sulfuric acid and water and is converted into a derivative of cyclohexanol of formula 
CsHi60. 


Problem 13.50 


There is a much smaller difference in energy between a tertiary and a secondary radical 
then there is between a tertiary and a secondary carbocation. One of the following 
statements is true. Which do you favor? Explain. 


a) Secondary radicals rearrange to tertiary radicals so much more rapidly than 
secondary carbocations rearrange to tertiary carbocations that skeletal rearrangements are 
very common in reactions involving radical intermediates. 


b) Secondary radicals rearrange at such a slow rate that skeletal rearrangements are 
not observed in reactions involving radicals. Rather, the initially formed radical reacts 


before rearranging. 


(answer 


Problem 13.51 


One of the substances present in oil of turpentine is а-ріпепе, which has the structure А 
shown below. Modify the structure A' (by adding methyl groups and noting the position 
of the double bond) so that it represents the structure of the о-ршепе molecule. 


CH3 
A A' 


When А is treated with HI, it is converted to B of formula СлоН 17], which is а 
bicyclo[2.2.1 ]heptane derivative. When compound B reacts with an alkoxide base, it 
yields C, an isomer of A. Compound C, on heating with hot aqueous potassium 
permanganate solution, produces the compound shown below. Draw structures for 
compounds B and C, and give a mechanism for the conversion of A to B upon the action 
of HI. 


COH 
C 


(answer) 


13.1-answer 


EN 


bicyclo[2.1.1]hexane bicyclo[2.2.0]hexane 


There are also other structures that may be written. 


13.2-answer 

a) 2-methylbicyclo[2.1.0]pentane 

b) 7,7 -dichlorobicyclo[4.1.0]heptane 
с) bicyclo[3.2.2]nonane 


d) bicyclo[2.1.1]hexane 


13.3-answer 


6,6-dichlorobicyclo[3.1.0]hexane 


13.4-answer 


a) 
b) 
с) 
d) 


е) 


1. РВгз 2. Mg, diethyl ether, 3. НО 

1. РВгз 2. Mg, diethyl ether, 3. D20 

1. HSO; 2.D3B:S(CH3) 3. acetic acid 

1. PBr4 2. Li 3. Си›СЬ 4. 1-bromopentane (from 1-pentanol + РВгз) 


1.H,SO, 2. НВг 3. Li 3.Cu,Cl, 4. 1-bromopentane (from 1-pentanol + РВтз) 


13.5-answer 


a) 


b) 


For fluorine: 

CH;-H breaking - +104 Kcal/mole 
H-F formation - -136 Kcal/mole 
СН.-Е formation - -108 Kcal/mole 
F-F breaking - +38 Kcal/mole 
Overall - -102 Kcal/mole 


For chlorine: 

СН;-Н breaking - +104 Kcal/mole 
H-Cl formation - -103 Kcal/mole 
СНз-СІ formation - -83.5 Kcal/mole 
СІ-СІ breaking - +58 Kcal/mole 
Overall - -24.5 Kcal/mole 


For bromine: 

CH3-H breaking - +104 Kcal/mole 
H-Br formation - -87.5 Kcal/mole 
СНз-Вг formation - -70 Kcal/mole 
Br-Br breaking - +46 Kcal/mole 
Overall - -78.5 Kcal/mole 


For Step 2: 

CH;-H breaking - +104 Kcal/mole 
H-Br formation - -87.5 Kcal/mole 
Summary - +16.5 Kcal/mole 


For Step 3: 

CH3-Br formation - -70 Kcal/mole 
Br-Br breaking - +46 Kcal/mole 
Summary - -24 Kcal/mole 


13.6-answer 


1 


1 reactivity 3P H 


= 6 x reactivity 2P H 


9 reactivity 1b Н 


Thus, the relative reactivities are: 


3P/2P/1P = 5/3.8/1 


13.7 -answer 


1 1 reactivity ЗЬ H 
0.32 z 6 x reactivity 2Þ H 
0.006 E 

9 reactivity 1P H 


Thus, the relative reactivities are: 


3P/2P/1P = 1500/80/1 


13.8-answer 


a) 1,1-dichlorobutane 
1,2-dichlorobutane (racemic) 
2,2-dichlorobutane 
1,3-dichlorobutane (racemic) 
1,4-dichlorobutane 
2,3-dichlorobutane (racemic) 
2,3-dichlorobutane (meso) 


b) 1,1-dichloropentane 
1,2-dichloropentane (racemic) 
1,3-dichloropentane (racemic) 
1,4-dichloropentane (racemic) 
1,5-dichlorpentane 
2,2-dichloropentane 
3,3-dichloropentane 
2,3-dichloropentane (2 racemates) 
2,4-dichloropentane (racemic) 
2,4-dichloropentane (meso) 


с) 1,1-dichloro-2-methylbutane 
1,2-dichloro-2-methylbutane 
1,3-dichloro-2-methylbutane (racemic) 
1,4-dichloro-2-methylbutane 
2,3-dichloro-2-methylbutane (racemic) 
2,2-dichloro-3-methylbutane 
1,2-dichloro-3-methylbutane (racemic) 
1,1-dichloro-3-methylbutane 
1,3-dichloro-3-methylbutane 


d) 1,1-dichloro-2,2-dimethylpropane 
1,3-dichloro-2,2-dimethylpropane 


e) 1,1-dichlorocyclopentane 
trans-1,2-dichlorocyclopentane (racemic) 
cis-1,2-dichlorocyclopentane (meso) 
trans-1,3-dichlorocyclopentane (racemic) 
cis-1,3-dichlorocyclopentane (meso) 


13.9-answer 


The saturated hydrocarbon products are the result of (chain-terminating) alkyl radical 
combination reactions involving the 1-propyl radical and the 2-propyl radical. These 
products are: 

hexane 


2-methylpentane 


2,3-dimethylbutane 


13.10-answer 


We have previously noted (Problem 13.6) that with molecular chlorine the relative 
reactivities of primary and tertiary hydrogen are 5/1. With two tertiary and six primary 
hydrogens in 2,3-dimethylbutane we would anticipate a product ratio of 1.7/1 for tertiary 
substitution product relative to primary substitution product. In fact, what is observed 
with sulfuryl chloride is a ratio of 1.7/1, virtually identical results for the two approaches. 


13.11-answer 


о 
П 

Cci- s— Сі 
| 
О 

CIO,S: + CH, 


Н.С: + SO,CI, 


RO: 


» 


» 


> ROCI + СЮ,8 


НСІ + SO, + Н.С: 


CICH, + CIO,S: 


(chain initiation step) 


(chain propagation step) 


(chain propagation step) 


13.12-answer 


+. с 
H,C-N-N'. <---- Н,С-М-М: 
+ 


13.13-answer 
a) cis- 1,3-dibromocyclohexane 


b) cis-1,4-dibromocyclohexane 


13.14-answer 


6 3 
AYR AA | 


The dihedral angle, for example of the linkage 6-1-2-3, on the conformation shown to 
the left is 60Р, whereas the same dihedral angle in the conformation shown to the right 
is -60b. The difference (120b) is the amount by which rotation about the 1-2 bond 
occurred in the interconversion of the two conformations. 


13.15-answer 


2 
5 
За 
я H 
н С 
M 
н7 


сн; сн; 


Two different ways of viewing the axial methylcyclohexane 
molecule show both of the gauche buteane type interactions. 


13.16-answer 


With ethyl and isopropyl, there is the possibility that the alkyl group attached to the first 
carbon (one and two methyl groups, respectively) could be pointing away from the 
substituent (hydrogen) across the ring, leaving only a hydrogen interacting with the 
substituent (as with a methyl group attached to the ring). However, with a tert-butyl 
group, there necessarily is a methyl group pointing across the ring rather than a hydrogen 
forcing a significantly greater interaction. 


13.17-answer 
a) axial 


b) equatorial 


13.18-answer 


We can see the steric strain involved in these two species by looking at the appropriate 
Newman projections. 


With the diequatorial structure, we can see that there exists a gauche-butane interaction 
involving the two methyl groups attached to the ring. 


H H 


With the axial-equatorial structure, we can see the following (total) gauche-butane 
interactions: 


2 gauche-butane interactions 1 gauche-butane interaction 
resulting from methyl group resulting from methyl group 
interactions interaction 


13.19-answer 


Assuming that the diequatorial form of the trans-1,2-dimethylcyclohexane is the 
dominant (29946) species present, and we need consider only that conformation: 


the difference is 1.8 kcal/mole (cis higher in energy). 


13.20-answer 


As shown with the structures below, it is impossible in such small bicyclic compounds to 
have the required p orbitals be parallel as is required for x bond existence. 


and 


13.22-answer 

a) bicyclo[3.2.2]nonane 

b) trans-bicyclo[4.4.0]decane 

с) 8-(2-butyl)bicyclo[4.2.0]oct-2-ene 


d) trans-2,3-difluorobicyclo[2.2.2]octane 


13.23-answer 


a) CH, 
CH; 
CH, 
b) 
H ( 
H H 
H 
cis 
H ( 
-Н 
H 
H 
trans 
с) H 
| | -Н 
Н Н 
cis 
H H 
H H 


trans 


13.24-answer 


a) 


b) 


p Б. ге 
| 
BL. p ns 


13.26-answer 


Puckered. If it were planar, the individual bond moments would cancel to give a zero net 
dipole. However, with a puckered ring the individual bond moments can not cancel. 


Br 
Br 


Br 


Br 


puckered 
planar 


13.27-answer 


id dili as 
Br 


dominant 


The 2-bromobutane is the dominant product since its formation proceeds through an 
intermediate (secondary-like carbocation) with greater stabilization than does the 
formation of the 1 -bromobutane (primary-like carbocation) 


13.28-answer 


a) 


Br 
Br 
b) 
CH, 
7 СН; 
c) CH, 
H,C 
d) 
Н.С о 
е) 
CH, 
(CH,);C Te. 
f) 
(CH3)3C ——7 
сн, 
g) 
(CH,),C(CDCH „СТ 
h) 


CH, 


OCH, + enantiomer 


13.29-answer 
The relative reactivity of 2° compared to 1° hydrogen sites is 57/1. 


(6 x 95)/(2 x 5) = 57 


13.30-answer 
2-chlorohexane 
3-chlorohexane 


We would expect 1.5 g of each of these products to be formed along with 1.0 g of the 1- 
chlorohexane. 


13.31-answer 
a) 2,2-dichlorobutane and (2R,35)-2,3-dichlorobutane 


b) (2R,3R,AS)-2,4 -dichloro-3-methylpentane 


13.32-answer 
The choice is d) - insufficient information to decide. 


The stereogenic center is the 2-carbon of the compound, which is not touched in 
generating the product 1,5-dichloro-2-methylpentane (nor are two substituents on this 
carbon made equivalent), thus the product can not be racemic. However, we do not know 
the absolute configuration of the 2-carbon, only the direction of plane polarized light at 
the D line for the starting material. Thus, we can not know if it is R or S. 


13.33-answer 


a) 
b) 
с) 


d) 


LiAlD4in ether or Мавра in DMSO 
KMnO; in aqueous KOH, kept cool ог OsO4 
Br,/light 


KMnO, in aqueous base, heated or Оз worked up with hydrogen peroxide 


13.34-answer 


a) 


b) 


с) 


d) 


e) 


9) 


h) 


1 


. HBr/H20 to generate tert-butyl bromide 


2. LiAID, in ether 


— 


. Вг/ССЦ to generate 1,2-dibromocyclohexane 
. KOC(CH3); 


. KOC(CHs3)3 to give 1-butene 


2. ЕНСІЗ with KOC(CH3)s 


— 


. Н»5О4 to give cyclohexene 


2. СН: with Zn(Cu) 


— 


. Br» with light to give bromocyclohexane 


2. KOC(CH3); 


. H2SO. to give cyclohexene 


2. CHI, with Zn(Cu) to give bicyclo[4.1.0]heptane 


. H2 with Pd/C catalyst 


. KOC(CHs)3 to give methylpropene 
. HBr with peroxides 


. Br? with light to give bromocyclopentane 
. Оз followed by work-up with acetic acid and dimethyl sulfide 


13.35-answer 
a) 2-bromo-3-methylbutane 


b) 2-bromobutane 


13.36-answer 


a) 2 


13.37-answer 


The cis- and trans-1,4-dimethylcyclohexane species do not have any stereogenic carbon 
sites and are not even theoretically resolvable. 


The cis- and trans-1,2-dimethylcyclohexane species each have two stereogenic carbon 
sites. In principle, the trans-1,2-dimethylcyclohexane is resolvable, although direct 
resolution might prove to be a difficult task. Attempts to resolve the cis-1,2- 
dimethylcyclohexane would definitely fail because upon flipping to the alternate chair 
conformation, the enantiomeric species is generated, a situation that does not occur with 
the trans-1,2-dimethylcyclohexane. 


13.38-answer 


The cis-1,3-dimethylcyclohexane, although it has two stereogenic carbon sites, is a meso 
structure and thus is not in principle capable of being resolved. 


The trans-1,3-dimethylcyclohexane has two stereogenic carbon sites and might in 
principle be thought of as being resolved. However, the alternative chair conformations 
are mirror images of each other and it would not be physically possible to isolate separate 
enantiomeric forms. 


13.39-answer 


The cis-1,2-dimethylcyclopropane is less stable than the trans-1,2-dimethylcyclopropane. 
In the cis species the two methyl groups are eclipsed with each other providing a greater 
amount of steric strain than when each methyl group is eclipsed with a hydrogen. 


13.40-answer 


a) 


b) 


с) 


d) 


р У “р 


A 
CI 
H 
Lm 
H 
D 


+ enantiomer 


+ enantiomer 


13.41-answer 


H* 


Br 


OH 
Br 


Br 
ТОКЕ ae Шш 


13.42-answer 


For the diaxial structure there are four additional gauche-butane interactions that are not 
present with the diequatorial structure. At 0.9 kcal/mole/gauche-butane interaction, the 
total difference in energy for the two structures is 3.6 kcal/mole. 


13.43-answer 


The more stable and less stable chair structures for the trans- 1,4-dimethylcyclohexane 
and the trans-1,2-dimethylcyclohexane are shown below. In the former instance we find 
four (4) additional gauche-butane interactions resulting from the attached methyl groups, 
whereas in the latter there are only three (3) such additional interactions. The number of 
such interactions we observe with each of the pertinent Newman projections are noted 
with the view. 


Chair forms of trans-1,4-dimethylcyclohexane - 


CH; 
H,C 


Chair forms of trans-1,2-dimethylcyclohexane - 


сн; 


4 


CH; 


CH, 


ү 


2 CH; 
CH, 


% 


1 cH, 
Н сн; 


5 


CH; | 


13.44-answer 


The two chair conformations of cis-1,3-dimethylcyclohexane are shown below with the 
pertinent interactions noted. 


Н.С 
Zero 1,3-methyl/methyl One 1,3-methyl/methyl 
diaxial interactions diaxial interactions 


The 3.7 kcal/mole energy difference is virtually that which would 
result from 4 gauche-butane interactions involving the attached 
methyl groups, as shown below 


H,C H,C CH, 
жур сн, LOX 
б 1 
CH, CH, 
2 
0 
НзСн Н сн, 


= 

| | 
= 
a 

/ 


13.45-answer 


The two chair conformations of trans-1,1,3,5-tetramethylcyclohexane are shown below 
with the number of 1,3-methyl/methyl diaxial interactions noted. 


сн, CH 
CH; 


CH, 


Each has one such interaction, and the two conformations are of equal energy. 


13.46-answer 


CI 


СІ C(CH4)4 


С(СН;); 


СІ 


tS. 
CI С(СН;); 


СІ 
Джай 


CI 


13.47-answer 


Br 


Br 
C(CH3)3 i co 


I 
i oed ни, 


Initially, will react 
more rapidly 


The cis- compound will react more rapidly initially since the halogen displaced is in the 
axial position (backside is more readily attacked than with the leaving group in the 
equatorial position). 


13.48-answer 


For the elimination reaction to occur, the chlorine and the hydrogen removed must both 
be in axial positions, and since the indicated alkene is the only alkene formed, hydrogen 
on the opposite side must nof be in the axial position. That is, the molecule upon which 
elimination is performed must have the following structure: 


CH, 
H 


CI 


HMPT with thionyl chloride would convert the alcohol to the chloride with inversion of 
configuration. That is, to get the above chloride with HMPT we would need the following 
alcohol: 


СН» 


However, this alcohol could not be formed in the initially performed 
hydroboration/oxidation. That reaction proceeds to put the hydroxyl group trans-relative 
to the methyl group. That is, hydroboration/oxidation produces the following compound: 


CH, 
H 


OH 


Thus, in order to get the required chloride (shown above), the thionyl chloride reaction 
would need to proceed with retention of configuration and dioxane would be used as the 
solvent rather than HMPT. 


13.49-answer 


CH; H* CH; 


CH-CH, > CH-CH, 


13.50-answer 


Secondary radicals do not rearrange readily (proposition b is correct). The energy of 
activation for the rearranging radical is much greater than that for a carbocation (a higher 
energy molecular orbital is involved). The energy of activation is the critical aspect of 
such a rearrangement rather than the overall energy difference. 


13.51-answer 


H,C CH, 
z 
CH; 
Н.С CH; 


CH; 


The mechanism may be written as: 


CH, 


CH, 


CH, 


ETHERS AND EPOXIDES 


14.1 INTRODUCTION 


On a structural basis, first one, then both hydrogen atoms of water are replaced by alkyl groups 
in progressing to alcohols, R-O-H, and then to ethers, R-O-R'. Ethers thus resemble water less 
than do the alcohols. Because ether molecules contain no hydrogen attached to oxygen, ethers 
do not show any of the characteristic properties of weak acids that we saw for alcohols. The lack 
of the hydroxyl hydrogen also eliminates the possibility of hydrogen bonding among ether mol- 
ecules. As a result, ethers exhibit substantially lower boiling points than do alcohols of similar 
molecular weight. 

Ethers can, however, behave as bases or nucleophiles under the appropriate circumstances, 
because an oxygen atom with unshared electron pairs is still present. An example of an ether act- 
ing as a nucleophile was seen previously in the reaction of thionyl chloride with alcohols 
resulting in net retention of configuration at the site of reaction. For the most part, however, 
ethers are rather inert to chemical transformations. In this respect they are similar (but not iden- 
tical to—they do have significant chemistry associated with their structures) the alkanes and 
cycloalkanes we met previously. For this reason ethers are useful as solvents for performing a 
wide range of chemical reactions. 

Diethyl ether, СНСН;ОСН-СН;, is better known than other ethers. It is often referred to 
simply as ether. An early (1842) application of diethyl ether was as a general anesthetic in sur- 
gical procedures. Diethyl ether, along with other ethers, such as methyl propyl ether, ethyl vinyl 
ether, and divinyl ether, produces unconsciousness by depressing activity of the central nervous 
system. (Working in the laboratory with such ethers and inhaling their vapors produces sleepi- 
ness, and caution needs to be taken in such operations.) 


14.2 ETHER NOMENCLATURE 


The nomenclature of ethers is straightforward, at least for the simple dialkyl ethers. Two 
methods are recognized as acceptable by the IUPAC, the radicofunctional method and the 
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substitutive method. There are special names and variations for cyclic ethers and some more 
complex structures. 

Simple dialkyl ethers can be named using either the radicofunctional method or the substi- 
tutive method. In the radicofunctional method we first name each of the alkyl groups present and 
then add the term ether. Several examples are shown in Figure 14.1. 

For more complex structures, the substitutive method is usually simpler to use. In the sub- 
stitutive method the ether linkage is noted as an alkoxy substituent of the parent molecule. It is 
the method of choice when an awkward name would result from the radicofunctional method. 
Two examples are given in Figure 14.2. 

Special names are used for ring systems in which the ether oxygen is part of the ring. Examples 
of some of the more common oxygen-containing ring systems are shown in Figure 14.3. 

Cyclic ethers, and indeed any cyclic compound bearing a non-carbon atom (a heteroatom) 
in a ring, are called heterocyclic compounds (or heterocycles). In naming heterocycles we 
assign the heteroatom the 1-position. Two examples are shown in Figure 14.4. 

Three-membered rings containing oxygen are also common and important materials. Like 
cyclopropane and other three-membered ring compounds, three-membered cyclic ethers suffer 
from angle strain. Thus, their chemical reactivity is qualitatively different from that of other ethers. 


сн;сн,осн,сн; (CH3),CHCH,OCH,CH,CH, 


diethyl ether isobutyl propyl ether 
(2-methylpropyl propyl ether) 


(CH3),C = СНСН;СН;ОСН;СН,-СН;СН; CICH;CH;OCH;CH;CI 
butyl 4-methyl-3-pentenyl ether bis(2-chloroethylether 


FIGURE 14.1 Examples of the radicofunctional method of nomenclature for simple ethers. 


CH,CH,CH,CH, 


OCH,CH; 


1-butyl-1-ethoxycyclohexane 
OCH;CH; 
CICH,CHCH,CH,CH,CH,0H 
6-chloro-5-ethoxy-1-hexanol 


Figure 14.2 Substitutive nomenclature of more complex ethers. We name the ether by 
specifying an alkoxy substituent on a parent structure. 
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Y LL ке 


ethylene oxide oxetane furan tetrahydrofuran 
(oxirane) (oxolane) 
б | ) 
O O О 
ругап tetrahydropyran 1,4-dioxane 
(oxane) 


FIGURE 14.3 Common ethers in which the oxygen atom is part of a ring. 


4 
4 5,73 НС, OL 3 
ВЕ СА 
x о та 6 ^o^ “Сн; 
2,3-dimethylfuran trans-2,5-dimethyl-1,4-dioxane 


Figure 14.4 Nomenclature of cyclic ethers. In numbering the atoms of a cyclic ether, the 
ring oxygen is assigned the 1-position. 


CH; Hae CH,CH;CH,CI 


O O O 
2-methyloxirane trans-2,3-dimethyloxirane 2-(3-chloropropyl)oxirane 
(propylene oxide) (trans-2-butene oxide) (5-chloro-1-pentene oxide) 


Ғісиве 14.5 Nomenclature of epoxides. Both the systematic IUPAC names and the alkene 
oxide names are shown. 


Compounds of this type are generally referred to as epoxides, but are named oxiranes using 
the IUPAC method. More commonly, simple epoxides are named as derivatives of the alkenes 
from which they can be derived chemically. In this type of nomenclature, the name of the par- 
ent alkene is followed by the word oxide. Several examples of the nomenclature of epoxides are 
given in Figure 14.5. The chemistry of these compounds will be given special attention later in 
this chapter. 
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14.3 PROPERTIES OF ETHERS 


PHYSICAL PROPERTIES 


Ethers are structurally related to alcohols and to water, but lack a hydrogen atom bound to the 
oxygen. Thus, ethers can not act as hydrogen donors in hydrogen bonding with other molecules. 
While water and alcohols exist as hydrogen-bonded agglomerates, ethers do not, so ethers have 
lower boiling temperatures than do alcohols of similar molecular weight. Several comparisons 
are given in Table 14.1. 

Similarly, the melting temperatures of ethers are generally (but not always) lower than those 
of alcohols of similar molecular weight. Melting temperatures (as discussed in Chapter 3) 
depend on factors other than just the strength of intermolecular associations. The fit of the mol- 
ecules in a lattice is also quite important. 


ETHERS AS SOLVENTS 


The presence of an ether linkage in a molecule provides two means of interaction with solutes. 
First, the unshared electron pairs constitute a Lewis base site. Ethers can provide solvation and 
stabilization to solutes containing a Lewis acid site. We have already seen an example in our ear- 
lier discussion of Grignard reagents. Ethers are useful solvents for the preparation of Grignard 
reagents since they provide stabilizing interactions with the metal site (a Lewis acid) of the 
organometallic. 

A second stabilizing characteristic arises from the polarity of the carbon-oxygen bonds. The 
polarities of the two carbon-oxygen bonds of an ether do not cancel because of the tetrahedral 
bonding geometry about the sp? hybridized oxygen atom. Ethers are not, however, strongly basic 
or polar. In general, ethers are more like hydrocarbons than like alcohols in their abilities to act 
as solvents. 


ETHERS AS SOLUTES 


Some striking contrasts in solubilities are seen when cyclic ethers are compared with their open- 
chain counterparts. For example, while diethyl ether is soluble in water only to an extent of 
approximately 8%, tetrahydrofuran (THF) is completely miscible with water, as is 1,4-dioxane 
and tetrahydropyran. The explanation for these contrasting behaviors appears to lie in the rela- 
tively greater conformational rigidity of the cyclic ethers. This rigidity allows efficient hydrogen 
bonding to water, as is illustrated in Figure 14.6. 


ТавіЕ 14.1 Boiling Temperatures of Ethers Compared to Those of Isomeric 1-Alcohols. 


Ether Ether Boiling Alcohol Boiling Alcohol 

Temperature (°С) Temperature (°С) 
CHOCH; —24.9 78.3 CH3CH;0H 
CH3CH;OCH;CH; 34.6 ШЕ CH3CH;CH;CH;0H 
CH3OCH;CH;CH;CH; 70.3 138.0 CH3CH;5CH;5CH5CH50H 


(СН«СН-СН-СН,)О 141 194.0 CH3(CH5)gCH;OH 
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Figure 14.6 Hydrogen bonding between tetrahydropyran and water. The degree of 
hydrogen bonding is greater for most cyclic ethers than for their open-chain 
counterparts. Thus there are significant differences in water solubilities for 
cyclic ethers and open-chain ethers of comparable molecular weight. 


ee + 
(a) (СН;СН;);0 + H* — (СН;СН;);0 --Н 


m + = 
(b) (СН;СН,);О + BF, — (СН;СН,);О --ВЕ; 


FIGURE 14.7 Reactivity of ethers as Lewis bases. The examples show addition of (a) a 
proton and (b) an aprotic Lewis base. 


With an open-chain compound such as diethyl ether, there is much greater conformational 
freedon than with a cyclic structure. A contributing reason for the difference in water solubili- 
ties may be that as the compound continuously alters its conformation, the ethyl groups sweep 
out an approximately spherical exclusion zone about the oxygen atom that prevents them from 
hydrogen bonding efficiently to water. The region around the oxygen of the more rigid cyclic 
ether molecule would be expected to be more accessible to water molecules. 

Most ethers (there are a few special exceptions) are soluble in concentrated aqueous solu- 
tions of mineral acid. In fact, almost all organic compounds containing oxygen are sufficiently 
basic (owing to unshared electron pairs on oxygen) to dissolve in concentrated sulfuric acid. 
Most ethers are also fairly soluble in hydrocarbons. 


REACTIVITY 


Ethers are relatively unreactive compounds compared to other organic compounds containing 
carbon-oxygen bonds. Since they have no good leaving group, they are inert to nucleophiles in 
the absence of acid. They are not susceptible to reduction because they are saturated in the same 
sense as alkanes are saturated, and they are inert to most common oxidizing agents. 

Like hydrocarbons, ethers do undergo combustion (burning) on heating with oxygen. In fact, 
the high volatility of simple ethers (such as diethyl ether) makes their use a severe fire hazard— 
ethers form explosive mixtures with air. 

The principal way that dialkyl ethers react is through the unshared electron pairs on the oxygen. 
These electron pairs can bind to a proton or another Lewis acid, as is shown in Figure 14.7. 

Once addition to the ether oxygen has occurred, further reaction is possible. For example, a 
protonated ether contains a good leaving group (an alcohol molecule), and attack by a suitable 
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Mechanism of Reaction 


Overall: 
HI 
H,0 


Note: If excess HI is used, the 2-propanol generated is further converted to 
2-iodopropane. 


Step 1 Protonation of the ether to form an oxonium ion: 


P м . 
E H* З 
н 


Step 2 Nucleophilic attack by iodide ion: 
"f 
CHCH, — 9 --СН(СН;); ————- СН;СНЏ + HOCH(CH3) 


ee H 
У БЕ 


nucleophile is possible. An example is shown in Equation 14.1. The mechanism of this 
degradation of the ether linkage involves a fundamental 542 process. 


HI 
СНзСН = O—CH(CH4)  — ——— — . CH;CHjI + HOCH(CH3); 
H,O 
ethyl isopropyl ether iodoethane 2-propanol 


31% yield (Eq. 14.1) 


14.4 TH€ SVNTHESIS OF €THERS 


THe WILLIAMSON SYNTHESIS 


The Williamson synthesis of ethers was briefly introduced in Chapter 12. It consists of a 
nucleophilic substitution reaction of an alkoxide ion on a haloalkane, and as such is a classic 
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example of Ше 542 process. An example is shown in Equation 14.2. The purpose of the 
sodium hydride in this example is to convert the alcohol to its corresponding alkoxide salt. 
The alkoxide then performs a nucleophilic attack on methyl iodide to form the observed 
product. 


CH CH 
> 1. NaH у 
— 
2. СНЛ 
OH ОСН; 
cis-2-methylcyclohexanol cis-1- methoxy-2-methylcyclohexane 
100% yield (Eq. 14.2) 


This type of reaction works well when the 
substrate is a halomethane or a primary haloal- 
kane. However, with secondary, and particularly 
with tertiary, haloalkanes, the rate of the substi- 
tution reaction leading to an ether product 
decreases and dehydrohalogenation (E2 reac- 
tion) to form alkenes competes with the desired 
nucleophilic substitution reaction (the alkoxide 
reagent tends to act as a base rather than as a 
nucleophile). 

Esters of sulfuric acid (sulfate esters, see Chapter 6) may be used instead of haloalkanes in 
the Williamson synthesis. These reagents also provide a good leaving group (see Figure 14.8). 

Dimethyl sulfate, the simplest dialkyl sulfate, is commercially available (it can be manufac- 
tured cheaply from methanol and sulfuric acid). It is a convenient reagent for the preparation of 
methyl ethers. However, it is corrosive, and like other alkylating agents, it is a carcinogen. 
Examples of the use of dimethyl sulfate and diethyl sulfate are shown in Equations 14.3 and 14.4 
respectively. 


Chemical Biography 


ALEXANDER W. WILLIAMSON 


b. 1824 
d. 1904 


Ph.D. University of Giessen 
(Liebig) 1844 


NaOH 
(CH30)580, + HOCH,C = CCH,0H быа CH30CH,C = ССН;ОСН; 
H,O 
2-butyne-1,4-diol 1,4-dimethoxy-2-butyne 


88% yield (Eq. 14.3) 


KOH 
(CH3CH,0),SO, + H5C = CHCH;OH DMSO H5C = CHCH, OCH, CH3 


allyl alcohol 3-ethoxypropene 
70% yield (Eq. 14.4) 
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:0: :0: 
F| a | 
№: ^ Nr ostor Nu-R + :0 -SOR 
:О: :О: 


а good leaving 
group—the 
conjugate base 
of HOSSOR 


Ғісиве 14.8 Nucleophilic substitution reaction on a sulfate diester. 


Target Molecule Пи) Possible Precursors 


Figure 14.9 The process of retrosynthetic analysis. In presenting а retrosynthetic analysis, 
we write open arrows pointing from the target molecule to possible 
precursors. 


RETROSYNTHETIC ANALYSIS APPLIED TO THE WILLIAMSON SYNTHESIS 


An approach used by organic chemists is to reason backwards from the target molecule to 
suitable starting materials when planning a synthesis. We refer to this procedure as retrosyn- 
thetic analysis. In recent years chemists have formalized the process and incorporated standard 
symbols and procedures so that they can communicate their ideas more easily. The symbol used 
to indicate a retrosynthetic step (or a disconnection) is an open arrow written from product to 
possible precursors, as is illustrated in Figure 14.9. Professor E.J. Corey of Harvard has been 
awarded the Nobel Prize for development of this approach toward thinking about synthetic 
methodology. 

To illustrate the use of retrosynthetic analysis in planning a synthesis, consider the prepara- 
tion of tert-butyl methyl ether by the Williamson approach.We need to consider two possible 
combinations of haloalkane and alkoxide ion for the preparation of a nonsymmetrical ether. The 
е е general problem is illustrated in Figure 14.10. 
Chemical Biog r aphy The two possible combinations of reactants 
for the preparation of tert-butyl methyl ether are 
shown in Figure 14.11. Here we see that one 
b. 1928 approach is definitely superior. If we allow tert- 
а = butyl bromide to react with methoxide ion, we 
Ph.D. Massachusetts Institute of expect the major product to be methylpropene by 

Technology (Sheehan)1951 an E2 reaction, because we know that tertiary 
Nobel Prize (Chemistry) 1990 haloalkanes in reaction with strong bases yield 
primarily elimination products. The method of 


ELIAS JAMES COREY 
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R-O-R' [—» R-X + ок" 


disconnect 
R-O bond 


R-O-R' = К-О- + X-R 


disconnect 
R'-O bond 


Figure 14.10 Retrosynthetic analysis of a Williamson ether synthesis. Two possible 
combinations of alkoxide and haloalkane exist for the synthesis. We deduce a 
possible combination by disconnecting a carbon-oxygen bond in the product. 
The bond that is disconnected is the one that must be formed in the synthesis. 


(CH3)3CBr + “OCH; 
(CH3)3C т- О m СН; 


(CH3)3CO™ + CH3Br 


FIGURE 14.11 Retrosynthetic analysis of the Williamson approach to tert-butyl methyl 
ether. 


choice therefore is the reaction of tert-butoxide with bromomethane (no competing elimination 
reaction is possible). 


ALKOXYMERCURATION/DEMERCURATION 


An alternative ether synthesis involves the addition of the elements of an alcohol across a 
carbon-carbon double bond. Two examples are shown in Equations 14.5 and 14.6. We refer to 
this overall procedure as alkoxymercuration/demercuration. The mechanism of this reac- 
tion involves a carbocation-like species, without the difficulties commonly associated with 
carbocations. 


1. Hg(OAc), CH30H 
(CH3)C=CH, —————— – (СНа)јс—ОСИз 
2. NaBH4, NaOH 


methylpropene methyl tert-butyl ether 
100% yield (Eq. 14.5) 
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Mechanism of Reaction 
Overall: 


R 
\ R'OH NaBH, 
== —— ------- 


Hg(OAc), 
R'O HgOAc R'O 


Step 1 The electron-rich alkene interacts with the mercuric ion of mercuric acetate. 


R 
== + Hg(OA c); — + OAC 


Step 2 The nucleophilic oxygen atom of the alcohol attackes the (now) electrophilic carbon of 
the alkene. The oxygen adds at the more electrophilic of the two alkene carbon atoms 
(the alkene carbon bearing the greater number of substituents). 


RN в 


+H—0-R' — > 
( не“ R'O* HgOAc 
| 
OAc 


Step 3 Acetate ion removes a proton from the oxonium ion to give an intermediate organomer- 
cury compound. 


R R 
— - + HOAc 
R'O* HgOAc R'O HgOAc 
XA 
H 


NV “OAc 


Step 4 In a following reaction, sodium borohydride reduces the organomercury compound to 
mercury metal and the ether. 


--- + Hg + HOAc 
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1. Hg(F3CCO>)>, (CH3),CHOH 
2. NaBH4, NaOH 
OCH(CH3) 
cyclohexene cyclohexyl isopropyl ether 
98% yield 
(Eq. 14.6) 


This preparative method is completely analogous to the oxymercuration/demercuration 
procedure we discussed earlier for the synthesis of alcohols (Chapter 10). The significant 
difference between the two reactions is that an alcohol rather than water attacks the mercury 
complex of the alkene. In some instances the trifluoroacetate salt, Hg(F3CCO»;),, is used in place 
of mercuric acetate. 

Alkoxymercuration/demercuration allows the synthesis of dialkyl ethers that are difficult or 
impossible to prepare using the Williamason approach. Of particular note is the preparation of 
di-sec-alkyl ethers or sec-alkyl tert-alkyl ethers. An example of this utility was shown in the 
preparation of a tert-alkyl ether in Equation 14.5. 


PREPARATIONS OF ETHERS FROM ALCOHOLS 


In several earlier chapters we noted that a protonated alcohol is subject to nucleophilic substitu- 
tion reactions. In these reactions a water molecule is displaced as a good leaving group. If the 
attacking nucleophile is a second (unprotonated) alcohol molecule, an ether can be formed. This 
reaction is generally of synthetic value only for primary alcohols to make symmetrical ethers. 
The mechanism is а simple $42 process. 

The dehydrative coupling of alcohols is generally unsatisfactory for the preparation of unsym- 
metrical ethers (К-О-К”) because a mixture of products results, as illustrated in Figure 14.12. 
An exception to this difficulty exists if one of the alcohols is tertiary and can lose water rapidly 
to form a particularly stable carbocation and the other is primary or secondary. For example, tert- 
butyl alcohol and 2-propanol react under mildly acidic conditions to give a good yield of 
tert-butyl 2-propyl ether, as shown in Equation 14.7. 


H5SO, 
(CH3),COH + (CH3),CHOH о (CH3)3C —O —CH(CH3) 
2 
tert-butyl alcohol 2-propanol tert-butyl 2-propyl ether 


82% yield (Eq. 14.7) 


This reaction is performed by slowly adding tert-butyl alcohol from a dropping funnel to 
2-propanol in an aqueous solution of sulfuric acid. The tert-butyl alcohol adds a proton quickly 
and then loses water to form the tert-butyl cation. A molecule of 2-propanol then attacks the tert- 
butyl cation leading to the formation of the ether product. 


acid 
R—O—H + R'—O —H ----> R—O—R+R—O— R'+R'—O—R' 


Ғісиве 14.12 Multiplicity of products іп the dehydrative coupling of a mixture of alcohols. 
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Mechanism of Reaction 


Overall: 


acid 
2 ROH ------>- R—O—R +H,0 


Step 1 An alcohol molecule is protonated. 


H + | 


R ^H 


Step 2 Ап unprotonated alcohol molecule makes a nucleophilic attack on the protonated 
alcohol molecule. 


+ | + | 


— > . +Њо 
Hd 20 BN 2 


R—O—H К NH R 


Step 3 A base present in the reaction system (anything with an unshared electron pair) 
accepts a proton from the dialkyl oxonium ion to generate the free dialkyl ether. 


нА NS 
+= | 


О: МВ —  R—0O—R-«H —B* 
R^ NR 


A variation of this procedure involves generating the carbocation by the protonation of an 
alkene. For example, by bubbling methylpropene gas through an acidic solution of an alcohol, 
we can obtain an ether bearing a tert-butyl group. The mechanism of this reaction has the alkene 
protonated quickly in the acidic medium. 


14.5 THE CLEAVAGE OF ETHERS 


Simple dialkyl ethers are cleaved by concentrated HI as described earlier in this chapter (see 
Equation 14.1 and the accompanying discussion). If an excess of HI is used, both alkyl groups 
of the ether are converted into iodoalkane products. 

HI (excess) 

R—O—R' —m ~~ R—I+R' 

This reaction can be useful for structural determination of an unknown ether. The iodoalkane 
products are separated and analyzed, and from their identities we can reconstruct the structure 
of the ether. 
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Mechanism of Reaction 
Overall: 
H5SO, 


(СНА С = CH, -e (CH3)3C —O—R 
ROH 


Step 1 Protonation of methylpropene occurs to form the tert-butyl cation. 


Ж 7ы H 


(CH,),C=CH, ——» +l 
H4C^ “сн; 


Step 2 An alcohol performs a nucleophilic attack on the carbocation. 


CH; H 


и | > + | 


= о : 
R—Ó—H Н.С“ CH; R^ “СНУ. 


Step 3 The oxonium ion loses a proton to a base in the solution to generate the observed ether 
product. 


CN 


H 
* CN = 


: R—O—C(CH;),;+H —B* 
в” “сен <“ d 


Certain types of ethers undergo cleavage reactions much more readily than do others. One 
important class of these easily cleaved ethers consists of vinyl ethers, also known as enol 
ethers. Enol ethers contain an alkoxy group attached directly to an olefinic carbon. The hydrol- 
ysis of these compounds proceeds by means of a mechanism involving protonation of the 
olefinic linkage. 

At no point in the hydrolysis of an enol ether is a potent nucleophile required. Enol ethers 
undergo hydrolysis in dilute aqueous acid with water playing the role of the nucleophile. Water 
attacks the resonance-stabilized carbocation formed in the initial protonation. 

Ethers containing a tert-butyl group bound to oxygen also undergo cleavage readily in aque- 
ous sulfuric acid. After protonation, the mechanism involves breaking of the bond between 
oxygen and the carbon atom of the tert-butyl group yielding a relatively stable tert-butyl cation. 
Some of the tert-butyl cations lose a proton to form methylpropene, a gas that bubbles out of the 
reaction mixture, thereby forcing the equilibrium toward the cleavage products. 
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Mechanism of Reaction 


Overall: 
H 
p H* 
АА — p + ROH 
OR H,0 О 


Step 1 Protonation of the enol ether occurs at the, B-carbon. 


H H 
Е” H* H + H 
----> < = 
пе H OR i OR 
H H m 


OR 
H 


Step 2 Attack of water on the carbocation occurs. 


:OH H + 

" Ж” 7 | m 

H + ------- 

H OR H OR 
H 


H 


Step 3 Loss of a proton to a Lewis base in the system occurs. 


H H 
OH, OH 
H H 
H OR а H OR 
H H 
Step 4 Protonation of the ether oxygen occurs. 
H H 
OH OH 
H H 
H OR H + OR 
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Step 5 The oxonium ion dissociates. 


H H H 
OH OH OH 
H > 
ROH + H n ==> H + 
H H 


| 
Н H 


Step 6 A proton is lost to a Lewis base in the system. 


Mechanism of Reaction 
Overall: 
H,O 
R—0-—C(CH35 ——— — ——»- КОН + (CH35C— СН, 
H5SO, 
Step 1 Protonation of the ether occurs at oxygen. 
yu H 
+ | + 


.. Н 
R—O—C(CH3)3 | ———- R—O—C(CH3)3 


Step 2 Cleavage of the C—O bond occurs to generate the tert-butyl cation. 


H 
| + 
R—O—C(CHj; ----- R—O—H+(CH3)3C* 


Step З A base removes a proton from the tert-butyl cation to form methylpropene. 


B: T 
(СНС | — — —- . (CH;),C=CH,+H—B 


The base in Step 3 can be any one of a number of species in solution, for example, water, 
or another molecule of the ether starting material. 
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14.6 US€ OF ETHER FUNCTIONAL GROUP TO 
PROTECT ALCOHOLS 


The generally inert character of an ether linkage is exploited by using it as the basis for a 
protecting group for alcohols. (See Chapter 10 for an earlier discussion of the concept of pro- 
tecting groups. Protecting groups are functionalities that may be put in place to prevent reaction 
of a particular reactive group in a molecule while chemical processes are performed at other sites 
in that molecule, but may be selectively removed when the other reactions have been completed.) 
Consider a synthetic problem in which the protection of an alcohol function is required. Suppose 
we need to convert 5-bromo-1-pentanol to 2-methylheptane-2,7-diol, as shown in Figure 14.13. 

Using the retrosynthetic analysis shown in Figure 14.14, we see that we need to form a new 
carbon-carbon bond. An appealing strategy for accomplishing this is to generate the Grignard 
reagent and allow it to react with acetone, followed by work-up with dilute aqueous acid. (The 
general strategy for preparing alcohols from Grignard reagents and carbonyl compounds was 
introduced in Chapter 11; you may wish to review this material.) However, the presence of the 
hydroxyl group in the starting material is a problem. Hydroxyl groups react immediately with 
Grignard reagents to form an alkoxide ion and to protonate the nucleophilic carbon of the 
Grignard reagent. Thus, we can not hope to maintain a Grignard functionality sufficiently long 
to react with an added carbonyl compound when the molecule contains a hydroxyl] group. 

Fortunately, we can get around this problem by temporarily masking the hydroxyl function- 
ality with a protecting group. We can do this quite conveniently by converting it to an ether. Of 
course, no matter what we use as a protecting group, we must be able to remove it under rela- 
tively mild conditions once its purpose has been fulfilled and we no longer need it. 


Br OH HO 


Figure 14.13 A synthetic problem—conversion of 5-bromo-1-pentanol to 2-methylheptane- 
2,7-diol. 
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FIGURE 14.14 Retrosynthetic analysis of the preparation of 2-methylheptane-2,7-diol. 
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„ч 
Вг “AV OH a Br OC(CH3); 
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BrMgO 


H,O 
CF4CO;H 


HO 
KN OH 


Ғісиве 14.15 Synthesis of 2-methylheptane-2,7-diol from 5-bromo-1-pentanol. The hydroxyl 
group is temporarily masked as a tert-butyl ether so that the manipulations with 
the Grignard reagent may be performed. 


A comon procedure for accomplishing our goal is to convert the alcohol to a tert-butyl ether 
using one of the procedures mentioned earlier. After the desired manipulations with the Grignard 
reagent have been performed, the tert-butyl group can be cleaved with aqueous acid to regener- 
ate the hydroxyl group. The full sequence of reactions needed to accomplish the conversion 
indicated in Figure 14.13 is shown in Figure 14.15. 

A very useful alternative to masking hydroxyl groups as tert-butyl ethers involves converting 
them to silyl ethers. Silyl ethers, which contain the carbon-oxygen-silicon linkage, are generally 
less reactive than ordinary ethers to both acid and base. They can be cleaved using highly selec- 
tive reaction conditions that have virtually no effect on other portions of the molecule. 

There are several methods for the preparation of silyl ethers. Two examples of their prepa- 
ration under neutral conditions are shown in Equations 14.8 and 14.9. Both the trimethylsilyl 
and the zert-butyldimethylsilyl protecting groups can be removed by reaction with fluoride ion. 
The use of the bulkier tert-butyldimethylsilyl group is often preferred because it is more stable 
to other reaction conditions. Two methods for the removal of these groups are shown in 
Equations 14.10 and 14.11. 


OH OSi(CH3)3 
(CH3)3SiCl 
д 
pyridine 
2-cyclohexen-1-ol 3-trimethylsiloxycyclohexene 


75% yield (Eq. 14.8) 
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OH 
pyridine 
— 
Ға 


H3C CH; 
\/ 
OSiC(CH3)3 


cyclohexanol (СНз), $1 tert-butyldimethylsilyl 
cyclohexyl ether 
C(CH3)5 90% yield (Eq. 14.9) 
OSiC(CH3)5 OH 
(С4Но)4М+Е- 
------------- 
ТНЕ 
trimethylsilyl cyclohexanol 
cyclohexyl ether 99% yield (Eq. 14.10) 
(% 
Te a (C4H9)4N*CI- CH,0H 
ss 
СН; КЕ (dihydrate) 
tert-butyldimethylsilyl benzyl alcohol 
benzyl ether 95% yield (Eq. 14.11) 


Fluoride ion cleaves silyl ethers quickly and selectively. In polar aprotic solvents, where 
fluoride is not highly solvated, it serves as a good nucleophile. Attack of fluoride ion is selective 
for silicon under these conditions because of the high thermodynamic driving force for the 
formation of the silicon-fluorine bond. Formation of the silicon-fluorine bond releases 
128 kcal/mole, compared to 102 kcal/mole that would be released by the formation of a carbon- 
fluorine bond. (The oxygen-silicon bond that is broken requires only 89 kcal/mole.) 


14.7 EPOXIDES 


GENERAL 


Cyclic ethers in which the oxygen atom is part of a three-membered ring are referred to as epoxides. 
These compounds are much more reactive than ordinary ethers, largely due to the strain in the three- 
membered ring. Opening the ring relieves this strain. In this regard, epoxide chemistry resembles 
the chemistry of cyclopropane and its derivatives. However, because of the presence of an oxygen 
atom in the ring, epoxides are able to react with a much wider range of reagents than are cyclo- 
propanes. Many reagents cause epoxides to undergo ring-opening reactions. In fact, epoxides find 
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wide use in organic chemistry because of their special reactivity, which allows them to be converted 
into a range of useful compounds. 


PREPARATION OF EPOXIDES 


Several methods are available for the preparation of epoxides. Most of these methods use alkenes 
as precursors, either directly or indirectly. One common method involves a facile intramolecular 
nucleophilic substitution reaction of halohydrins. Halohydrins (Chapter 10) are formed by the 
reaction of alkenes with halogens in aqueous solution, as is illustrated in Equation 14.12. 


OH 
Br), H,O | 
(CH45,C—CHCH; | ———— (СНз): С ee 
Br 
2-methyl-2-butene 3-bromo-2-methyl-2-butanol 
76% yield (Eq. 14.12) 


Halohydrins are alcohols, so they are in equilibrium with their conjugate bases (alkoxide 
ions) when placed in basic solution. The alkoxide oxygen atom of the conjugate base of a halo- 
hydrin is in perfect position to effect a rapid intramolecular nucleophilic substitution reaction in 
which the alkoxide oxygen atom displaces bromide ion and forms an epoxide with inversion of 
configuration. An example is shown in Equation 14.13. 


OH о” O 
| КОН | 
H —СНСНз => NE 
(СНз) С T CH3 н.о сос пен А 
Вг Вг Н.С CH; 
3-bromo-2-methyl-2-butanol 2,2,3-trimethyloxirane 
47% 


(Eq. 14.13) 


An important stereochemical point is involved here. The geometry of the original alkene is 
maintained in the product epoxide. This point is not evident in the reaction shown in Equation 
14.13, but it becomes clear in reactions involving cyclic alkenes and certain open-chain alkenes. 
For example, only meso-2,3-dimethyloxirane (cis-2-butene oxide) is formed in a reaction that 
starts with cis-2-butene (see Figure 14.16). The corresponding reaction sequence that starts with 
trans-2-butene yields racemic 2,3-dimethyloxirane. 

Another commonly used method for the preparation of epoxides involves the reaction of 
alkenes with peroxides. While a variety of peroxides and conditions can be used, we will con- 
sider only two of the most common methods here. 

For the direct preparation of epoxides from alkenes in aqueous solution, hydrogen peroxide 
and a carboxylic acid are used. Acetic acid is commonly used as the carboxylic acid. The initial 
reaction involves the transfer of oxygen from hydrogen peroxide to acetic acid to form peroxy- 
acetic acid. This species, generated in situ, then oxidizes the alkene to the epoxide. 
Alternatively, commercially available peroxyacetic acid can be used directly; however, it is a 
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НЗС CH; H Br H 
\ / НЗС - B НЗС - - CH; 
с=с ——. | EE 223 
af \ Вг;, H,O 'H 
H 
0 CH; D 
cis-2-butene racemic mixture meso-2,3-dimethyloxirane 


Ғісиве 14.16 Epoxide formation from cis-2-butene. Only meso-2,3-dimethyloxirane is 
formed when cis-2-butene is converted to the bromohydrin and the 
bromohydrin is then treated with base. The geometry of the original alkene is 
maintained through the reaction sequence. 


|| 
C н +420)  — C о +H,0 


Ғісиве 14.17 Reaction of an alkene with peroxyacetic acid. 


powerful oxidizing agent and may react violently with some organic substances. The formation 
of the peroxyacetic acid and the oxygen transfer to the alkene are illustrated in Figure 14.17. The 
rection is stereospecific. The geometry originally present in the alkene is maintained in the prod- 
uct epoxide. 

Other carboxylic acids can be used in this reaction. Like acetic acid, they undergo intial 
oxidation to the peroxy stage prior to their reaction with the alkene. Acetic acid is commonly 
used because it is so readily available and convenient for use, compared with higher molecular 
weight carboxylic acids. 
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FIGURE 14.18 Epoxidation of cyclohexene with meta-chloroperoxybenzoic acid. 


One difficulty is at times encountered in using this approach for the direct preparation of 
epoxides from alkenes. If the alkene to be epoxidized is insufficiently soluble in the aqueous reac- 
tion system, reaction will be extremely slow. We can then use an alternative method employing a 
peroxy carboxylic acid that is soluble in organic solvents. meta-Chloroperoxybenzoic acid is 
most commonly used, with methylene chloride as the solvent. meta-Chloroperoxybenzoic acid is 
a reasonably stable substance that is commercially available and can be stored for extended peri- 
ods of time without decomposition. The reaction of meta-chloroperoxybenzoic acid with an 
alkene proceeds in a manner entirely analogous to that shown before for peroxyacetic acid. The 
oxygen transfer process is illustrated in Figure 14.18. 


Special Topic 


An Epoxide Insect Hormone 


Hormones play important roles in insects as well as in other complex organisms. (a hormone can be 
thought of as a chemical messenger whose chemical interactions signal other processes to begin, 
stop, or change rate.) One set of hormones in insects controls their development from the larval stage 
to maturity. Tiny quantities of a hormone known as juvenile hormone have been isolated from insects. 
This hormone must be present to prevent the insect from maturing too rapidly. Conversely, an excess 
of juvenile hormone prevents the insect from maturing into an adult. The structure of juvenile hor- 
mone, shown below, is that of an isoprenoid (see Chapter 9) containing an epoxide ring. 


insect juvenile hormone 
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Since hormones are active in such minute quantities, it has at times been speculated that they 
could be used in relatively small (and arguably safe) amounts to control insect pests. This would, of 
course, require their synthesis at the laboratory bench. Several syntheses of juvenile hormone have 
been reported. The final step in these routes is the epoxidation of a triene precursor using meta- 
chloroperoxybenzoic acid to give a 40% yield of the juvenile hormone. Some epoxidation of the 
“wrong” double bond occurs, and this is in part responsible for the moderate yield. 


OCH, 
7 а p 


meta-chloroperoxybenzoic acid 


insect juvenile hormone 


40% yield 


Juvenile hormone itself is not suitable as a biological pest control agent because it is not specific 
to one insect species. Other hormones may be more species-specific. Investigation of these hormones 
remains an area of intense research interest. 


OPENING or Ерохтое RINGS 


We mentioned briefly that carboxylic acids other than acetic acid could be used with hydrogen 
peroxide to synthesize epoxides directly from alkenes. Suppose we were to use the readily avail- 
able formic acid (HCO;H) to generate in situ peroxyformic acid as the epoxidizing agent. The 
reaction would, in fact, generate the epoxide in a manner entirely analogous to the reactions we 
have already seen. The reaction using formic acid is summarized in Figure 14.19. 


| 

| 
C н 720; ---->- C о + НО 
H^ То7 H^ ~O~ ^H 


| 
+ SP 
C O О + HCOOH 
H^ ^O^ ^H 


Figure 14.19 Reaction of peroxyformic acid with an alkene. 
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However, we do not actually isolate the epoxide under these reaction conditions. The epoxide 
continues to react, forming a vicinal diol as shown in Figure 14.20. Overall, this reaction 
amounts to hydroxylation of the parent alkene (see Chapter 10). Two hydroxyl groups with an 
anti orientation have been added to the alkene skeleton. 

How and why does this reaction occur? Why should this reaction occur when we use per- 
oxyformic acid but not when we use peroxyacetic acid? The answer lies in the relative acidity 
of the two parent acids. Acetic acid is a weak acid of pK, = 4.7. Formic acid is also a weak acid, 
but it is stronger than is acetic acid, with a pK, = 3.7. Formic acid is an order of magnitude 
stronger than is acetic acid, and its greater acidity is sufficient to allow the ring-opening process 
to occur rapidly in aqueous solution. 

With acetic acid or other weaker acids, the equilibrium between free and protonated epox- 
ide lies rather far to the free epoxide side, and the concentration of the protonated epoxide is 
sufficiently low that reaction with water is slow. However, when we use acids stronger than 
acetic acid, the equilibrium lies signficantly farther toward the protonated epoxide side and the 
reaction with water then proceeds at a measurable rate (see Figure 14.21). 


н.о OH 
О 
ӨН 


гасетіс 
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Figure 14.20 Continuation of reaction of cyclohexene oxide т performic acid reaction. 
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FIGURE 14.21 Relative degrees of protonation of epoxides. Formic acid, being stronger, 
pushes the protonation equilibrium farther to the right than does the weaker 
acetic acid. Since it is the protonated epoxide form that reacts with water to 
generate the vicinal diols, formic acid facilitates this ring opening much more 
than does acetic acid. The attack of water on the protonated epoxide occurs 
too fast in formic acid solution for us to isolate the epoxide. 
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The opening of the epoxide ring in the presence of acid catalysis is a general phenomenon. 
If we use epoxides isolated from preparative experiments that do not use acid, and place them 
in aqueous acid solution, we obtain the same diols as are formed in the reaction with formic acid 
and hydrogen peroxide. The stereochemistry of the diols indicates the mechanism by which ring 
opening occurs. Water attacks the protonated epoxide from the backside of the carbon-oxygen 
bond that is being broken. Moreover, with a symmetrical epoxide, attack occurs with equal prob- 
ability at each of the two possible sites. With cyclohexene oxide, water attack produces the 
racemic trans-1,2-cyclohexanediol rather than the meso (cis) isomer (see Figure 14.22). The 
process is entirely analogous to the reaction of cyclohexene with bromine (Chapter 10); how- 
ever, we can isolate the cyclic intermediate, that is, the epoxide, whereas we can not isolate a 
simple bromonium ion. 

We see that this route produces vicinal diols corresponding to overall anti hydroxylation of 
the original alkene, in contrast to the methods of hydroxylation discussed in Chapter 10 (using 
permanganate or osmium tetroxide). The two types of procedures are nicely complementary. We 
can produce all possible stereoisomeric diols from a single alkene by judicious choice of the 
hydroxylating reagents. 


H + H 
suut OH; -H* 'OH 
----- 
ag Н ШШ!!! 
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+ 
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Figure 14.22 Water attack on a protonated epoxide. Water attacks from the backside of 
the carbon-oxygen bond of the protonated epoxide. This attack is completely 
analogous to nucleophilic displacements on protonated alcohols or ethers. 
The incoming nucleophile (water) interacts with the large back lobe of the 
empty o* orbital of the carbon-oxygen linkage. With a symmetric epoxide, 
attack at each of the possible carbon sites has an equal probability of 
occurring. Note the similarity to the reactions of bromonium ions discussed in 
Chapter 10. 
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Protonated epoxides react with many nucleophiles other than water. For example, in the 
presence of bromide ion they open to produce bromohydrins. An example of this reaction is 
shown in Equation 14.14. 


О 
ИХ +HBr ——> — BrCH;CH;0H 


oxirane 2-bromoethanol 
90% yield (Eq. 14.14) 


Some nucleophiles also open epoxide rings under neutral or basic conditions, in marked con- 
trast to the behavior of open-chain ethers or other cyclic ethers. Nucleophiles attack open-chain 
or other cyclic ethers only under strongly acidic conditions. Three examples of nucleophilic 
attack on epoxides under basic conditions are shown in Equations 14.15-14.17. 


O NaOH 
—  HOCH,CH,OH 
H,O 
oxirane ethylene glycol 
90% yield (Eq. 14.15) 
О NaOCH; HH 
HOCH; 
2,2,3-trimethyloxirane 3-methoxy-2-methyl-2-butanol 
53% yield (Eq. 14.16) 
О СН;(СН-)4СН;МеВг, ether, heat 
/ à CH3(CH,)5;CH,CH,OH 
workup with aq. acid 
oxirane 1-octanol 
53% yield (Eq. 14.17) 


We find that under neutral or basic conditions 
nucleophilic attack on unsymmetrical epoxides 
(as in Equation 14.17) occurs preferentially at the 
least sterically hindered carbon of the ring. This 
preference is consistent with Ше Sy2 nature of 


Chemical Biography 


FRANCOIS AUGUST VICTOR 


the reaction. The reaction illustrated in Equation GRIGNARD 

14.17 is another useful Grignard synthesis of pri- b. 1871 

mary alcohols; overall two carbon atoms are d. 1935 

added to the skeleton of the original halolkane. Ph.D. University of Lyon (Barbier) 
We also find that the nucleophile attacks from 1901 


the backside of the ring carbon-oxygen bonds. Nobel Prize (Chemistry) 1912 
Thus, inversion of configuration occurs at the 
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carbon atom undergoing attack, as is illustrated in Equation 14.18 in which ammonia is the 
nucleophile. 


CH 
3 R 
O . 
H N 
70% yield (Eq. 14.18) 


The reaction under acidic conditions, in which attack proceeds through a protonated epox- 
ide, is less clear-cut. Attack usually occurs at the carbon atom of the ring that can best stabilize 
a positive charge, in a manner equivalent to the attack of water or alcohol on a bridged bromo- 
nium ion. While the attack formally occurs at the more highly substituted carbon atom, it is not 
a simple 5қ2 process. In the protonated oxirane, the bond to the more highly substituted carbon 
atom is greatly weakened compared with the bond from oxygen to the less highly substituted 
carbon atom. Equation 14.19 shows a reaction under acidic conditions that proceeds with a dif- 
ferent regiochemistry than the equivalent reaction under basic conditions. (Equation 14.16). 


H3C OCH 
О #2804 ~ 
H3C CH; ------5- H—C—C— СНз 
HOCH; 7 
2,2,3-trimethyloxirane 3-methoxy-3-methyl-2-butanol 
76% yield (Eq. 14.19) 


The direction of attack of a nucleophile on a protonated epoxide is consistent with the idea 
that the positive charge is not confined to the oxygen atom, but is spread over the entire ring. 
In this regard the reaction is very similar to that of bromonium ions that we considered earlier. 
With bromonium ions, attack also tends to occur on the ring-carbon that can best stabilize a 
positive charge. 


Special Topic 


Epoxides and Cancer 


Epoxides are highly reactive as substrates for nucleophilic attack. The bases of RNA and DNA con- 
tain nucleophilic nitrogen sites, so it is not surprising that they can undergo reaction with epoxides. 
In Chapter 12 we described how haloalkanes, which are also highly reactive substrates for nucleo- 
philes, are able to alter DNA molecules. The normal functioning of the DNA is compromised as a 
result of such reactions, and the consequence is a series of chemical events that may lead to cancer. 
Some (but not all) simple epoxides have been shown to cause cancer in laboratory animals. 
Presumably, some epoxides are not carcinogenic because they are unable to penetrate cells in suffi- 
cient concentration to cause deleterious events on the DNA. Three epoxides that have been 
demonstrated to be carcinogenic are shown below. 
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O O O 


O 


2-phenyloxirane 2-ethenyloxirane 1,3-butadiene dioxide 
(styrene oxide) 


The relationship between structure and the ability to damage DNA is a topic of active research. It 
is possible in some instances for epoxides to be synthesized in vivo in the body. This synthesis occurs 
in liver cells, which contain enzymes catalyzing the epoxidation of benzene derivatives. There is 
some evidence that this reaction renders some benzene derivatives carcinogenic. 

Epoxides are, of course, able to modify DNA of cancer cells as well as that of healthy cells. Some 
epoxides have been investigated and exhibit promise for use as chemotherapeutic agents. These 
epoxides damage both healthy and cancerous cells, but can be effective as chemotherapeutic agents 
if the cancerous cells are more vulnerable than healthy cells. 


14.8 CROUJN ETHERS 


The term crown ether applies to a group of substances that contain a ring composed of several 
carbon atoms and several oxygen atoms that is able to adopt a crown-shaped conformation. This 
type of compound was first synthesized in the mid-twentieth century. We have already discussed 
some aspects of this type of compound in Chapter 3. Many of these substances exhibit remark- 
able properties. 

Since the systematic names for these compounds are quite complex, chemists have devel- 
oped an alternative naming system which is in common use. Two examples of crown ethers are 
shown in Figure 14.23. 


[X o 
оС Ј 


О О (0) (0) 
LJ Lo 
12-crown-4 18-crown-6 


Figure 14.23 Examples of crown ethers. Each name is of the form x-crown-y where x 
specifies the size of the ring and y specifies the number of oxygen atoms 
within the ring structure. In both examples the oxygen atoms are separated 
from each other by two methylene groups, -CH;CH;-. 
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The remarkable properties of crown ethers stem from their ability to bind cations within 
their crown-shaped cavities. Consider, for example, the potassium ion. Potassium salts are 
generally very soluble in water, in large part because water molecules are able to solvate and 
stabilize the potassium ion and its accompanying anion. In water the potassium ion binds to 
the oxygen atoms of several water molecules simultaneously, as shown schematically in 
Figure 14.24. 

In contrast, potassium salts are generally quite insoluble in non-polar hydrocarbon organic 
solvents, and even in slightly polar organic solvents such as the ethers. In most nonpolar or 
weakly polar organic solvents no stabilization of the potassium ion (or its counterion) occurs, 
precluding the separation of the ions and dissolution of the salt. However, potassium salts can 
be forced to dissolve in many such solvents by adding 18-crown-6 to the medium. The cavity of 
18-crown-6 is of just the proper size to accommodate a potassium ion, which is stabilized by 
interaction with the six surrounding oxygen atoms, as shown in Figure 14.25. 

One might ask why this can’t happen in ordinary ether solution, say diethyl ether, and why 
this is is different from the situation in water. In fact, one can envision this occurring in diethyl 
ether, but it is very unlikely to occur. The reason diethyl ether is different from water for this 
interaction is that oxygen atoms constitute the bulk of the volume of water, whereas with diethyl 
ether they constitute a relatively minor portion. Organization of the water about a potassium is 
a relatively simple matter as oxygen is generally in contact with the potassium ion. In diethyl 
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Figure 14.24 Schematic diagram of the solvation of potassium ions in water. 


FIGURE 14.25 Potassium ion held in the cavity of 18-crown-6. A potassium ion is of the 
proper size to fit into the cavity of 18-crown-6. The relationship between the 
potassium ion and the crown ether is known as a host-guest relationship and 
is an example of a supramolecular effect (Chapter 3). 
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ether, however, this involves a major reorganization of the bulk solvent. The special characteristic 
of crown ethers is that they provide sites that are already organized for interaction with these 
cations. Having these sites already organized overcomes a major difficulty with the entropy fac- 
tor involved in salt dissolution. (Remember, we know from our study of thermodynamics that 
organization is an energetically disfavored situation—chaos is energetically favored compared 
to organization.) No reorganization of the solvent is required to enable these interactions with 
the potassium ion. In effect, the environment provided by the crown ether for the potassium ion 
is rather like that provided by water in aqueous solution. 

Unlike the inside region of the crown, the outer periphery of a crown ether is quite 
hydrocarbon-like. Thus, crown ethers dissolve rather easily in typical nonpolar organic solvents, 
even when they contain a guest ion in the cavity. As a result, the positive ion is carried into 
organic solution along with the accompanying anion. For example, potassium permanganate 
gives a purple solution when it is added to a solution of benzene or methylene chloride contain- 
ing 18-crown-6. No dissolution at all occurs in the absence of the crown ether. 

These organic solutions of inorganic salts have several special characteristics. They include 
the following: 


* With a crown ether present, reactions (e.g., oxidation by permanganate) that normally 
need to be performed under two-phase heterogeneous conditions (since the organic com- 
pound is often of only limited solubility in organic media) can be performed under 
homogeneous conditions in an organic solvent. 


* The counterion of a cation held in the crown has unusually great reactivity in a non-polar 
organic solvent. The anion is unsolvated (a naked anion) and is similar to anions present 
in polar aprotic solvents such as DMSO (see Chapter 12). 


The function of certain antibiotics appears to be related to their ability to accommodate a 
guest cation. The guest cation, concealed in the cavity of the antibiotic, is transferred through 
the cell wall of the bacterium, producing a disruption of the proper balance of ion concentrations 
inside and outside of the cell. For example, nonactin (14.1) is able to smuggle sodium ions 
through bacterial cell walls. The resulting disturbance of the balance of ion concentrations pro- 
duces an osmotic pressure that eventually causes rupture of the cell. 

Later, in our discussion of carbohydrates, we will consider another category of host-guest 
molecules, the cyclodextrins, with which an opposite interaction is noted—the interior is 
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nonactin, a polyether antibiotic 
14.1 
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hydrophobic, sequestering non-polar species, whereas the exterior, that facing the solution, is 
hydrophilic, having attractive interactions with polar solvent molecules such as water. 


¢ Ethers are relatively unreactive molecules. 


¢ Ethers can be cleaved upon treatment with strongly acidic reagents. Ordinary dialkyl 
ethers require the presence of a potent nucleophile for cleavage under acidic conditions. 


* Tertiary and enol ethers undergo cleavage with considerable ease compared to other alkyl 
ethers. With tertiary ethers, protonation of the ether oxygen and heterolysis of the carbon- 
oxygen bond generates a relatively stable tertiary carbocation. 


* Enol ethers undergo cleavage after protonation at carbon. 
* Dialkyl ethers are relatively insensitive to basic conditions and reagents. 


* One method for the preparation of ethers is the Williamson synthesis, which involves the 
Sn2 attack of an alkoxide ion on a haloalkane. The substrate should be a halomethane or 
a primary haloalkane, as secondary and tertiary haloalkanes undergo elimination reaction 
under the conditions of the reaction. 


* An alternative route to ethers is alkoxy-mercuration/demercuration. 
* Preparation and hydrolysis of tert-butyl ethers is an effective protecting-group strategy. 


* Epoxides are much more reactive than other ethers because of the strain in the three- 
membered ring. In particular, epoxides undergo ring-opening reactions when challenged 
with a variety of nucleophiles. 


* In general, epoxides are attacked by nucleophiles at the least-substituted carbon atom of 
the ring when neutral or basic conditions are used. 


* Under acidic conditions nucleophiles usually attack epoxides at the most-substituted 
carbon atom of the ring. 


* Ring-opening reactions of epoxides are of widespread synthetic importance. They provide 
entry to a great variety of products, depending on the nucleophile used. 


* Epoxides can be prepared by the direct oxidation of alkenes using peroxy acids. 


* An alternative route for the preparation of epoxides is via the treatment of halohydrins 
with base. Considering the alkene starting materials in the two routes (halohydrins from 
alkenes by treatment with halogen in water and from alkenes directly by treatment with 
peroxyacids), both approaches result in epoxides maintaining the geometry present in the 
starting alkene. 


* Crown ethers are large ring compounds containing several carbon and oxygen atoms. 
They adopt crown-like conformations into which guest cations of appropriate size can fit. 


* Crown ethers are useful for causing inorganic salts to dissolve in relatively nonpolar 
organic solvents. For example, potassium permanganate dissolves in benzene containing 
18-crown-6 to give a purple soultion that is useful as an oxidizing medium. 
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Terms to Remember 


heteroatom enol ether peroxyformic acid 
heterocyclic protecting group vicinal diol 
epoxides silyl ethers hydroxylation 
oxiranes halohydrins crown ether 
retrosynthetic analysis peroxyacetic acid 
disconnection meta-chloroperoxybenzoic 
alkoxymercuration/ acid 
demercuration formic acid 
Reactions of Synthetic Utility 
61. H5SO, 
2R—O—H —  Е—О—Е 
62. H5SO, 
R—O—-R' — — —- R—X-«R'—X 
NaX 
X=I>Br 
oa base 
— 
HO ч 
X = Cl, Br, I 


64. EL И 
= | ЕТЕГІ О 
65. P meta-chloroperoxybenzoic acid | | 
Y CH5CLh B 
66. OH 


o 
- ( С нсон 7 но 


anti stereochemistry 
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67. OH 
X aq. acid or 
— / 
О aq. base HO 


anti stereochemistry 


68. R R' R 
R'MgX 
> 
О ether OH 


anti stereochemistry 
(other organometallics may also be used) 


69. R | H R 
57 ПАША Y | 
--------- 
О ether OH 


anti stereochemistry 


70. R'3SiCl 
R—O—H ——— ——-  R—OSiR'5 
base 
71. (C4H9) МЕ, H,O 


R—OSiR'4 ----------- к-о-н 


Problem 14.1 


Provide names to the compounds in Figure 14.1 using the substitutive method of 
nomenclature. 


(answer 


Problem 14.2 


1,4-Dioxane, like cyclohexane, adopts a chair conformation. Draw the more stable chair 
conformations for cis- and trans-2,5-dimethyl-1,4-dioxane. 


(answer 


Problem 14.3 
Give IUPAC names for each of the following epoxides: 
a) 2-methyl-1-butene oxide 


b) cis-1-chloro-1-butene oxide 


(answer) 


Problem 14.4 

Draw structures for each of the following: 
a) sec-butyl isobutyl ether 

b) cis-3-hexene oxide 


с) (Z)-3-ethyl-2-hexene oxide 


(answer 


Problem 14.5 


Based on the type of reasoning used to rationalize the relatively high water solubility of 
THF, tetrahydropyran, and 1,4-dioxane compared to diethyl ether, which of the two 
Lewis bases shown below do you expect to be the more potent nucleophile? Explain your 
answer. 


(CH,CH,),N: 
ZN 


(answer 


Problem 14.6 
Use the curved-arrow formalism to show the mechanism of the reaction in Equation 14.2. 


(answer) 


Problem 14.7 

Use the retrosynthetic approach to evaluate possible routes for the Williamson synthesis 
of each of the compounds listed below. In each instance decide whether one of the routes 
is superior to the other route. 

(a) methyl propyl ether 

(b) cyclopentyl ethyl ether 


(answer 


Problem 14.8 

Give the method for preparation of ethyl isopropyl ether using: 
a) the Williamson approach 

b) the alkoxymercuration/demercuration approach 


(answer 


Problem 14.9 


What problem would make the Williamson approach entirely unsuitable for the synthesis 
of di-tert-butyl ether? 


(answer) 


Problem 14.10 


Do a retrosynthetic analysis of the synthesis of cyclohexyl isopropyl ether, using the 
alkoxymercuration/demercuration approach to determine an alternative route to the one 
shown in Equation 14.6. 


(answer 


Problem 14.11 


Which approach, Williamson synthesis of alkoxymercuration/demercuration, would be 
the method of choice for the synthesis of each of the ethers shown below? 


a) СН;СН, СН, CH,OCH, CH, CH,CH, 
b) 


OCH, CH, CH; 


(answer) 


c) 


Problem 14.12 


On treatment with phosphoric acid, 2-methyl-2,5-hexanediol is converted into a 
compound of formula СуН, 40. Suggest a structure for this product, and show a full 
mechanism for its formation, including all intermediates and indicating electron shifts 
using the curved-arrow formalism. 


(answer) 


Problem 14.13 


On treatment with acid, 1,2,4-butanetriol forms a compound of formula C4HsO». Suggest 
a structure for this compound. 


(answer) 


Problem 14.14 


Why is the treatment of secondary alcohols (ROH) with acid generally not useful for the 
preparation of ethers (ROR)? 


(answer) 


Problem 14.15 


Deduce the structure of the starting compound in each of the following cleavage 
reactions: 


a) a compound of formula СНО; that on treatment with excess НІ yields а 
mixture of iodomethane, 1,2-diiodoethane, and 2-iodopropane 


b) a compound of formula СНО» on treatment with hot HI yields a mixture of 
iodomethane and 1,2-diiodoethane in a 2:1 ratio 


с) a compound of formula C4H$O on treatment with excess KI in phosphoric acid 
yields 1,4-diiodobutane 


d) a compound of formula C4HgO2 on treatment with HI yields 1,2-diiodoethane as 
the only product 


(answer 


Problem 14.16 
Explain why initial protonation of the enol ether in the mechanism for its hydrolysis 
occurs at the B-carbon atom rather than at the a-carbon atom (i.e., at the carbon bound to 


the oxygen) or at the oxygen atom. 


(answer 


Problem 14.17 


Write out the complete mechanism for the epoxidation of trans-2-butene through the use 
of bromine/water followed by treatment with base. 


(answer) 


Problem 14.18 
Label all stereocenters in insect juvenile hormone as К, S, Е, ог Z. 


(answer) 


Problem 14.19 
Outline the "isoprene units" in the structure of juvenile hormone. 


(answer) 


Problem 14.20 

Suggest how to prepare 2-methyl-2-ethyloxirane in one step from: 
a) an alkene 

b) a halohydrin 


(answer 


Problem 14.21 


Predict the result of treating propylene oxide with lithium aluminum hydride, followed by 
workup with aqueous acid. (Hint: The products of lithium aluminum hydride reductions 
can often be deduced by considering that the reagent serves as a delivery agent of "Н: " 
species.) 


(answer) 


Problem 14.22 
In separate experiments (R)-propylene oxide is allowed to react with aqueous sodium 
hydroxide and aqueous sulfuric acid. Do you expect the products of the two reactions to 


be identical, enantiomers, or diastereoisomers? Explain your answer. 


(answer 


Problem 14.23 
Predict the product obtained by treating cyclohexene oxide with hydrogen cyanide. 


(answer) 


Problem 14.24 

Draw structures for each of the following: 
a) isopentyl methyl ether 

b) 3-isopropoxy-1-propanol 

с) allyl vinyl ether 

d) (2)-1-methoxy-2-butene 

e) sec-butyl methyl ether 


(answer 


Problem 14.25 


Provide systematic names for each of the following: 


a) O CH; 
на С 
b) 
(CH3); CH)CH; CH; CH; 
с) 
|>—осн,сн; 
д) 
е) 
c СН; 
O^ “сн, 
f) 


Eo 


(answer) 


Problem 14.26 


Starting with any alcohols of your choice, outline syntheses for the following: 


a) 
b) 
с) 
d) 


e) 


tert-butyl methyl ether (two ways) 

diisopropyl ether (using alkoxymercuration/demercuration) 
sec-butyl isobutyl ether (using a Williamson approach) 
hexyl isopropyl ether (two ways) 


tert-butyl cyclohexyl ether 


(answer 


Problem 14.27 
The reaction of (R)-sec-butyl methyl ether with HBr yields bromomethane and (R)-sec- 


butyl alcohol. Use the curved arrow formalism to show the mechanistic steps in this 
reaction. 


(answer) 


Problem 14.28 


Predict the products that would be expected in each of the following reactions. If no 
reaction is anticipated to occur, so specify. 


a) diisopropyl ether treated with sulfuric acid and sodium iodide 

b) sec-butyl methyl ether treated with sodium metal 

с) butyl ethyl ether refluxed with concentrated aqueous sodium hydroxide solution 
d) 1-methylcyclohexene treated with formic acid/hydrogen peroxide 

e) cis-3-hexene treated first with chlorine in water, then with aqueous sodium 


hydroxide, and finally with aqueous sulfuric acid 


f) cyclopentene oxide treated with methyl Grignard and worked up with aq. acid 


(answer) 


Problem 14.29 


Which of the 2-butenes should be used to prepare a racemic mixture of 2,3-butanediol by 
epoxidation followed by workup using aqueous potassium hydroxide followed by 
aqueous acid? 


(answer) 


Problem 14.30 
Give the major organic product formed in each of the following reactions: 


a) ethylene oxide treated with methylmagnesium bromide and worked up with 
aqueous acid 


b) 2,2-dimethyloxirane treated with sodium methoxide follwoed by workup with 
aqueous acid 


с) oxetane treated with hot, concentrated НІ 
d) tert-butyl chloride treated with potassium ethoxide 
e) 5-bromo-1-pentanol treated with potassium ethoxide in ethanol 


(answer 


Problem 14.31 


Cyclopentene reacts with chlorine in water to yield compound A, of formula С5НӘСІО. 
Treatment of A with cool, dilute aqueous sodium hydroxide solution yields B, of formula 
CsHsO. When В is heated with aqueous sodium hydroxide followed by workup with acid, 
С, of formula СН О», is formed. Show structures for the compounds A-C, indicating the 
proper stereochemistry where relevant. 


(answer) 


Problem 14.32 


An ether, on treatment with sulfuric acid and sodium iodide, yields a single iodoalkane 
that contains 74.796 iodine by weight and that undergoes reaction with water to give a 
secondary alcohol. Suggest a structure for the ether. 


(answer) 


Problem 14.33 


Treatment of 2-methyl-4-penten-1-ol with mercuric acetate followed by sodium 
borohydride yields a compound of formula C6H;5O. Suggest a structure for this 
compound and explain its formation. 


(answer) 


Problem 14.34 

The annual industrial production of ethylene oxide amounts to millions of tons. Some 
ethylene oxide is used as a fumigant, but the epoxide is used principally as a starting 
material to prepare a variety of other chemicals. Deduce the structures of the following 
compounds that are made from ethylene oxide. 


a) an antifreeze of formula C2H6O2 made by treating ethylene oxide with water 


b) "cellosolve," of formula САН 1002, a high-boiling solvent for lacquers and paints 
made by treating ethylene oxide with ethanol 


с) ethanolamine, of formula C2H7NO, used in making plastics, obtained by treating 
ethylene oxide with ammonia 


d) diethanolamine, of formula C4H ;; NO», also used in making plastics, obtained by 
treating ethanolamine with ethylene oxide 


e) acrylonitrile, of formula С-Н;М, which is used in the manufacture of orlon and is 
formed by treating ethylene oxide with hydrogen cyanide followed by dehydration. 


(answer 


Problem 14.35 


Under certain conditions treatment of ethylene oxide with acid yields a product of 
formula C,HgO,. This product is unreactive with sodium metal and does not decolorize 
an aqueous basic solution of potassium permanganate. The first two steps of the 
mechanism for its formation are: (1) protonation of the ethylene oxide molecule, and (2) 
nucleophilic attack of an unprotonated ethylene oxide molecule on a protonated ethylene 
oxide molecule. Suggest a structure for the final product. 


(answer 


Problem 14.36 


Under appropriate conditions treatment of ethylene oxide with aqueous sodium hydroxide 
followed by workup with aqueous acid yields a substance of formula СаН/ 003. Suggest а 
structure for this product. 


(answer 


Problem 14.37 


Using stereochemical drawings, predict the outcome of a reaction of trans-2,3- 
dimethyloxirane with aqueous sodium hydroxide. 


(answer) 


Problem 14.38 


Suggest a series of synthetic steps that will bring about each of the following 
conversions. 


a) cyclohexene to methoxycyclohexane 
b) cyclohexene to trans-2-methoxy-1-cyclohexanol 
с) 3-bromo-1 -butanol to 3-deuterio- 1 -butanol 


d) 1-butanol and isobutyl alcohol to isobutyl butyl ether 
e) bromocyclohexane to cis-1,2-cyclohexanediol 
f) bromocyclohexane to trans-1,2-cyclohexanediol 


(answer 


Problem 14.39 


Suggest a structure for a substance of formula СН 14O» that yields iodoethane and 1,2- 
diiodoethane in a 2:1 ratio on treatment with excess sodium iodide in sulfuric acid. 


(answer) 


Problem 14.40 


The substance shown below is isomerized when it is treated with aqueous potassium 
hydroxide. The product contains a six-membered ring. Give the structure of the product 
and suggest a mechanism for its formation. 


OH 


(answer 


Problem 14.41 


Give the best set of reagents for the following conversions. 


a) methylpropene to fert-butyl isobutyl ether 
b) cyclohexanol to trans-2-methylcyclohexanol 
с) cyclopentane to trans-1,2-cyclopentanediol 


d) 2-propanol to 1-isopropoxy-2-propanol 


(answer 


Problem 14.42 
Dihydropyran is sometimes used to protect primary alcohols. The reaction between 


dihydropyran and the alcohol (ROH) takes place in the presence of an acid catalyst to 
produce an ether linkage. An example of this reaction is 


H* 
@ + CH; ОН че Су На O, 


O 


dihydropyran 
Give the structure of the protected alcohol and a mechanism for its formation. 


(answer 


Problem 14.43 
The cleavage of a silyl ether (R-O-SiR'3) is accomplished by treatment with (C4H9)4NF in 
the presence of a small amount of water. One product is the alcohol, R-OH. What is the 


other product in this reaction? 


(answer 


Problem 14.44 
Give the more stable chair conformation for cis-2,6-dimethyl-1,4-dioxane. 


(answer) 


14.1-answer 


ethoxyethane 
2-methyl-1-(1-propoxy)propane 
1-(1-butoxy)-4-methyl-2-pentene 


1-(2'-chloroethoxy)-2-chloroethane 


14.2-answer 


14.3-answer 


a) 2-ethyl-2-methyloxirane 


b) cis-2-chloro-3-ethyloxirane 


14.4-answer 


a) 
CH; CH; 


HC CH, CH(CH,) 
^N » 2 3/2 
вс `O 


b) 
CH;CH, CH, CH; 


O 


c) 
CH,CH, CH, CH, 


CHCH; ~ 


14.5-answer 


The bicyclic compound 


22 


would be expected to be the more potent nucleophile. The electron pair is readily 
available and the alkyl groups associated with the nitrogen can not swing around to 
interfere with the approach to an electrophile, as they can with the alternative compound, 
(CH3CH,)3N:. 


14.6-answer 


CH, 
ibd Na* H 
om 


CH, $ 
/ веч 
it 
Na* 


14.7 -answer 


T CH,CH,CH,Br + “OCH, 
a 


CH, CH, CH, -0-СН, 


better route since there can't be any eliminatio 


С» + “OCH, 
Ce + СН СН, Br 


better route since there will be minimal elimination 


(b) 


D CH,CH,CH,O° + CH,Br 


14.8-answer 


a) sodium 2-propoxide with iodoethane 


b) ethanol with propene in the presence of mercuric acetate, followed by treatment 
with sodium borohydride 


14.9-answer 


There is only one possible set of reagents, tert-butyl bromide with fert-butoxide anion. 
This would involve an extremely strong base with a tertiary haloalkane that would result 
in the reaction proceeding completely by the E2 route and give no substitution product 
that is necessary for synthesis of the ether. 


14.10-answer 


+ HOCH(CH 3), 
| `осн(сн,), 


CX + H,C=CHCH, 


OH 


The alternative alkoxymercuration/demercuration approach would thereby involve 
treating propene with cyclohexanol in the presence of Hg(F3CCO2)2 followed by 
reduction with sodium borohydride. 


14.11-answer 
a) Williamson 
b) Williamson 


с) alkoxymercuration/demercuration 


14.12-answer 
H,C, о, CH: 


The mechanism for its formation is: 


P pm. 
AY S 
+ 
OH Aog, : 
OH 
t >. 
Б E PR А 


OH 


14.13-answer 


O 
OH 


14.14-answer 


With secondary alcohols (as compared to primary alcohols) there is a greatly increased 
likelihood that a carbocation will form, and such carbocations have a great tendency to 
undergo rearrangements which would lead to skeletal changes compared to the carbon 
skeleton of the starting secondary alcohol and incorporated in the product ether. 


14.15-answer 


a) 


CH,;0 
OCH(CH;), 
b) 
0:0] 
OCH, 
c) 
e 
d) 


14.16-answer 


Protonation at the B-carbon atom produces a resonance stabilized carbocation whereas 
protonation at either of the other two sites produces a cation without such stabilization. 
Thereby, according to the Hammond postulate, the activation energy for protonation at 


the B-carbon atom is lower and protonation occurs more rapidly at that site. 


14.17-answer 


HC H 
PM 4 
C=C > 
/ X Br, H,O 
H CH; 
Н.С 


гасепис 


Гн 
сн, 


гасетіс 


base 


14.18-answer 


14.20-answer 
a) 2-methyl-1-butene treated with acetic acid and hydrogen peroxide in water 


b) 2-bromo-2-methyl- 1 -butanol treated with aqueous sodium bicarbonate. 


14.21-answer 


The product 2-propanol is formed. 


14.22-answer 


Enantionmers will be formed in the two separate reactions. Under basic conditions, the 
hydroxide ion will attack at the non-stereogenic carbon of the oxirane ring leaving the 
stereogenic site in the product (1,2-propanediol) with the (R) configuration. Under acidic 
conditions, after protonation of the ring oxygen, water will attack at the stereogenic site 
causing inversion of configuration at that site and giving the product of (S) configuration. 


14.23-answer 


CN 
Q 
OH 


(racemic) 


14.24-answer 


” pu" 
OCH, 


с) 


d) 


OCH, 


14.25-answer 


a) 
b) 
с) 
d) 


е) 


(2S,3S)-2,3-dimethyloxirane 
isopropyl propyl ether 
cyclopropyl ethyl ether 

tert-butyl vinyl ether 
(2S,3S)-2,3-dimethyl-1,4-dioxane 


dicyclobutyl ether 


14.26-answer 


a) Method 1: tert-butyl alcohol treated with potassium metal to give the potassium 
salt, followed by reaction with iodomethane 

Method 2: methanol treated with methylpropene in the presence of mercuric 
trifluoroacetate, followed by treatment with sodium borohydride 


b) 2-propanol treated with propene in the presence of mercuric trifluoroacetate, 
followed by treatment with sodium borohydride 


с) cyclopropanol treated with sodium metal to give the sodium salt, followed by 
reaction with iodoethane 


d) Method 1: 1-hexanol treated with propene in the presence of mercuric 
trifluoroacetate, followed by treatment with sodium borohydride 

Method 2: 2-propanol treated with sodium metal to give the sodium salt, followed 
by reaction with 1-bromohexane 


e) tert-butyl alcohol treated with cyclohexene in the presence of mercuric 
trifluoroacetate, followed by treatment with sodium borohydride 


14.27-answer 


H CHCH, Н 


Br 


14.28-answer 


a) 
b) 
с) 
4) 


е) 


2-iodopropane 

no reaction 

no reaction 

(1К,2К)- and (18,25)- 1 -methyl-1,2-cyclohexanediol (racemic mixture) 
rac-3,4-hexanediol 


trans-2-methylcyclopentanol (racemic mixture) 


14.29-answer 


cis-2-butene 


14.30-answer 


a) 
b) 
с) 
d) 


е) 


1-propanol 
3-methoxy-2-methyl-2-propanol 
1,3-diiodopropane 
methylpropene 


tetrahydropyran 


14.31-answer 


CI H 
/ 
H 
HO 


A B 
racemic 


OH 
/ 
| H 
HO 
C 


racemic 


14.32-answer 


(CH3»CHOCH(CH3) 


14.33-answer 


O 


mixture of cis and trans isomers 


The reaction is an intramolecular alkoxymercuration/demercuration. The hydroxyl 
attacks the more highly substituted carbon of the double bond that had been activated by 


interaction with the mercuric acetate. 


14.34-answer 


a) 
b) 
с) 
4) 


е) 


HOCH;CH;OH 
CH3CH;OCH;CH;0H 
HOCH;CH;NH; 
(НОСЊСЊУМН 


Н 9C=CHCN 


14.35-answer 


O 


) 


14.36-answer 


HOCH2CH20CH2CH20H 


14.37-answer 


О - 
f mc, H O 
7 Z ----- Б. "m 
НС "H | | Н 
н CH; HO CH; 
НО: | H* 
Y 


H,C,H OH 
meso-2,3-butanediol «ы 1—4, H 


14.38-answer 


a) treatment of the cyclohexene with mercuric trifluoroacetate and methanol 
followed by sodium borohydride 


b) treatment of cyclohexene with m-chloroperoxybenzoic acid in methylene chloride 
followed by treatment of the intermediate cyclohexene oxide with sodium methoxide 


с) treatment of the 3-bromo-1-butanol with trimethylchlorosilane, followed by 
treatment of the resulting silyl ether with magnesium in diethyl ether, followed by 
addition of deuterium oxide, and finally with tetrabutylammonium fluoride 


d) treatment of 1 -butanol with phosphorus tribromide to generate 1-bromobutane 
and this treated with the sodium salt of isobutyl alcohol (generated from isobutyl alcohol 
and sodium metal) 


e) treatment of bromocyclohexane with potassium fert-butoxide to generate 
cyclohexene followed by treatment with cool, aqueous basic potassium permanganate 


f) treatment of bromocyclohexane with potassium fert-butoxide to generate 
cyclohexene followed by treatment with hydrogen peroxide and formic acid in water 


14.39-answer 


CH3CH2O0CH2CH20CH2CH3 


14.40-answer 


OH 


O 


The base initially removes a proton from the hydroxyl oxygen of the starting material, 
and the resultant alkoxide ion performs an intramolecular attack on the epoxide ring (3- 
position). The resultant B-hydroxy ether alkoxide picks up a proton from the water to 
yield the D-hydroxy ether itself. 


14.41-answer 


a) treatment of methylpropene with isobutyl alcohol in the presence of mercuric 
trifluoroacetate, followed by treatment with sodium borohydride 


b) treatment of cyclohexanol with sulfuric acid to dehydrate to cyclohexene, 
followed by treatment with hydrogen peroxide in aqueous acetic acid to give cyclohexene 
oxide, followed by treatment with methylmagnesium iodide and workup with dilute 
aqueous acid 


с) treatment of cyclopentane with bromine under irradiation with light (о generate 
bromocyclopentane, followed by dehydrohalogenation with potassium fert-butoxide to 
give cyclopentene, follwoed by treatment with hydrogen peroxide in aqueous formic acid 


d) treatment of 2-propanol with sulfuric acid to accomplish dehydration to propene 
followed by treatment with hydrogen peroxide in aqueous acetic acid to generate 
propylene oxide, followed by treatment with the sodium salt of 2-propanol and workup 
with dilute aqueous acid to give the target material 


14.42-answer 


p o О. 


HOCH,CH, 


b 


14.43-answer 


F-SiR'5 


14.44-answer 


eu 


y сн; 


ALKADIENES AND ALKYNES 


15.1 INTRODUCTION 


In this chapter we turn our attention to substances that contain two carbon-carbon double bonds 
(dienes) and substances that contain one (or more) carbon-carbon triple bonds (alkynes). The 
chemistry of dienes provides useful insights into many important phenomena. Of particular 
importance is the observation that the relative postion of the two carbon-carbon double bonds in 
an alkadiene is central in determining its properties. We will learn why their position is so impor- 
tant and will explore the consequences of this structural feature. 

Alkynes exhibit reactions that are counterparts to many of the addition reactions we studied 
earlier for alkenes, and alkynes also have some special properties that are uniquely theirs, mak- 
ing them very different from alkenes. The hybridization model is useful for analyzing the 
chemical characteristics of alkynes. We will therefore reexamine this model and consider its 
relationship to structure and chemical properties. 


15.2 NOMENCLATURE 


The nomenclature for molecules containing two or more carbon-carbon double bonds is usually 
straightforward. It is an extension of the system used for simple alkenes. Several examples are 
shown in Figure 15.1. Notice that for some molecules, the geometry about each double bond 
must be specified to give an unambiguous description. 

At times it is awkward to provide a parent name for a unit that contains both of the carbon- 
carbon double bonds. In such instances (e.g., 15.1), one of the double bonds can be named as 
part of a substituent. 

When we use this type of nomenclature, one of the carbons in the olefinic linkage of the parent 
structure must be assigned as position 1. Numbering then progresses across the double bond. That 
is, the second olefinic carbon atom is position 2. 
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1,3-butadiene 1,2-butadiene 
сн; bd b CH; с с 
CH; H CH, CH; CH; 
(2E,AE)-3-methyl-2,4-hexadiene (2E,AZ)-3-ethyl-2,4-hexadiene 
| 
Ca H 
ТМ H H 
CH3CH C = CH,CH,CH; 
CH 
CH,—C(CH;), ^? CH; 
(2Z,6E)-4,4-dimethyl-2,6-nonadiene 1-methyl-2-propyl-1,3-cyclohexadiene 


Ғісиве 15.1 Nomenclature of some dienes. The use of E/Z descriptors avoids the 
ambiguities introduced by the cis and trans prefixes. 


CH; 
CH; 
4 
с=с 
Z X 
н н 


]-methyl-2-[(Z)-1-propenyl]cyclohexene 


15.1 


For molecules containing carbon-carbon triple bonds, we again use a simple nomenclature 
system akin to that used for alkenes. The longest continuous carbon chain containing the 
carbon-carbon triple bond provides the parent name, and then we add the suffix yne to it. Several 
examples of alkyne nomenclature are shown in Figure 15.2. 

At times alternative names are used for simple alkynes. These names result from consider- 
ing the alkyne to be a derivative of the simplest alkyne, acetylene (ethyne). Several examples are 
shown in Figure 15.3. This method is awkward for more complex alkynes. 
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CH; 


5-methyl-3-octyne 


СН; 
СН;СН; жы =C—H 
єн, 
4,4-dimethyl-1-hexyne 


(CH3),CH == CH, --С-С-- СН; 
5-methyl-2-hexyne 


Figure 15.2 Nomenclature of alkynes. 


СН;СН, —C=C— CHCH, 


diethylacetylene 


isobutylacetylene 


(CH3)3C —C=C— СН; 
tert-butylmethylacetylene 


FicuRE 15.3 Naming alkynes as derivatives of acetylene. 


15.3 BONDING AND STRUCTURE IN 
DIENES AND ALKYNES 


CONJUGATED Ооџвге BONDS 


Conjugated dienes have double bonds separated by only one single bond. Several examples of 
conjugated dienes are shown in Figure 15.4. 

Unless the molecule is twisted about the intervening single bond, the double bonds of 
conjugated dienes interact with each other. This interaction is important for their chemistry. 
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SN Ж 


l-ethenylcyclohexene 


(Z)-1,3-pentadiene (1-vinylcyclohexene) 


AW 


(E)-2-methyl-2,4-hexadiene 1,3-cyclohexadiene 


Figure 15.4 Examples of conjugated dienes. The two double bonds of conjugated dienes 
are separated by one single bond. A further point of nomenclature is illustrated 
here; the substituent (Н,С = CH-) сап be named as a vinyl group. 


Figure 15.5 Orbital interaction for conjugation in а diene. Neighboring p orbitals of 
conjugated dienes are in position to interact and produce a л system extending 
over the entire diene unit. 


The effect of conjugation can be rationalized using a model of mutual overlap of the adjacent 
p orbitals in the л bonds of Ше diene. This interaction is shown schematically in Figure 15.5. 

In the next chapter we will discuss how we consider the interactions of these p orbitals as 
leading to the generation of л molecular orbitals. For the present we need simply to recognize 
that the л electrons of a conjugated diene are not localized between a pair of adjacent carbons 
as we view them with a simple alkene. Instead, п electron density is delocalized over the entire 
diene unit. 

Consider the Lewis structure for the simplest conjugated diene, 1,3-butadiene. The structure 


H2C = CH-CH = СН, 


focuses our attention on т bonds between СІ and C2 and between СЗ and C4. This representa- 
tion is artificially simplistic because it implicity ignores p orbital interactions between C2 and C3. 
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In fact, there is evidence that all three of the carbon-carbon linkages of 1,3-butadiene have some 
п-Бопд character. The carbon-carbon bond lengths of 1,3-butadiene are of interest in this regard. 
As Table 15.1 shows, all of the carbon-carbon bonds of 1,3-butadiene are shorter than the carbon- 
carbon single bond of ethane. 

The short C2-C3 linkage can be rationalized at least partly in terms of the hybridization of the 
orbitals involved in its б bond. We use the model of two sp? hybrid orbitals to describe the carbon- 
carbon bond in ethane, but for the C2—C3 bond of 1,3-butadiene we must use two sp? hybrids. The 
greater the s character of a hybrid orbital, the closer its electrons are held to the nucleus. The 
increased s character of the hybrids used to construct the C2-C3 o bond in 1,3-butadiene should 
result in a stronger and shorter bond. Also, if there is л bond character associated with the C2-C3 
linkage, that too will result in a shortened bond. 

Thermochemical measurements indicate conjugated dienes to be more stable than noncon- 
jugated dienes. Some experimental data on these relative stabilities are shown in Table 15.2. 
(You might want to review the section “Thermochemistry of Hydrogenation Reactions" in 
Chapter 10.) For example, the heat of hydrogenation of the non-conjugated diene 1,5-hexadiene 
is twice that of 1-hexene. However, the heat of hydrogenation of 1,3-butadiene is less than twice 
that of 1-butene by about 3.9 kcal/mole. (See the first two entries in Table 15.2. We might have 
expected the heat of hydrogenation of 1,3-butadiene to be 2 x 30.2 kcal/mole, i.e., 60.4 
kcal/mole, but this value is 3.9 kcal/mole higher than the actual value.) We associate this differ- 
ence with the particular stability associated with the conjugated diene system of 1,3-butadiene. 


Ісоглтер Ооовіє BONDS 


If double bonds are separated by one or more sp? hybridized carbon atoms, they are referred to 
as isolated double bonds. There is little or no interaction between the individual m systems. Each 
double bond behaves like an ordinary alkene double bond. A typical example of a molecule with 
isolated double bonds is 1,5-hexadiene (the last compound listed in Table 15.2). 


ТАВІЕ 15.1 Carbon-Carbon Bond Lengths in Ethane and 1,3-Butadiene. 


Molecule Bond Length 

CH;4-CH; 1.53А 

H;C =СН-СН = CH; 61262 (C3204) 344. 
C2-C3 1.46Å 


TABLE 15.2 Observed Heats of Hydrogenation of Alkenes and Dienes. 


Compound Heat of Hydrogenation 
(kcal/mole) 

СНзСН›СН = CH, 30.2 

HC = CH-CH = СН, 56.5 

CH3CH;CH;CH;CHCH = СН» 30.0 


ВС = CHCH,CH,CH = СН, 60.0 
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Сомшатер DouBLe BONDS 


The simplest compound containing two consecutive double bonds along a carbon chain is 
1,2-propadiene (15.2), also known as allene. 


H,C=C = CH, 


1,2-propadiene (allene) 
15.2 


Other substances containing two consecutive double bonds are often referred to as allenes. 
That is, we think of them as derivatives of allene. If a molecule contains more than two consec- 
utive double bonds, we refer to it as a cumulene. Allene and cumulenes contain cumulated 
double bonds. The simplest cumulene, 1,2,3-butatriene (15.3) is shown. 


H,C=C=C=CH, 


1,2,3-butatriene 
15.3 


The two double bonds of an allene are physically closer than those of a conjugated diene. 
We thus might expect them to interact more strongly than the double bonds of a conjugated 
diene. However, the special geometry of the p orbitals generating the т bonds of an allene pre- 
vents their interaction. This geometry results from the types of orbitals available to the central 
carbon atom. Since this carbon atom forms four bonds to only two other atoms, we see it to be 
sp hybridized (see Figure 15.6). 

An sp hybridized carbon atom has two remaining unhybridized p orbials. These two p orbitals 
are used by the central carbon atom to form two л bonds. Since the unhybridized p orbitals are per- 
pendicular to each other (see Chapter 1), it follows that the two л bonds are also perpendicular to 
each other. It is simply not possible for an allene to have a continuous coplanar arrangement of p 
orbitals as occurs in conjugated dienes. For this reason, the two л bonds do not interact. The 
geometries of the л bonds in conjugated dienes and allenes are contrasted in Figure 15.7. 


sp? hybridized 


2% 


H,C =C --СН, 


sp hybridized 


FicunE 15.6 Hybridization in allene. The central carbon atom of allene is involved in two 
п bonds, each requiring a p orbital to interact with the p orbitals on the 
terminal carbon atoms. Thus, only one p orbital associated with the central 
carbon atom remains for hybrid orbital generation for the formation of the o 
bonds. The hybridization of the central carbon atom must therefore be sp. 
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It follows that the sets of ligands at the two ends of an allenic system are in perpendicular 
planes. The geometry of an allene is thus similar in some ways to that associated with a 
tetracoordinated carbon atom. For example, both the methane molecule and the allene molecule 
have two sets of hydrogen ligands in perpendicular planes, as illustrated in Figure 15.8. 

The geometric arrangement of the bonds in allenes has an interesting stereochemical conse- 
quence: when the two ends of the allene structure bear unlike pairs of ligands, the molecule is 
not superimposable upon its mirror image and therefore can exist in enantiomeric forms, as is 
illustrated for 2,3-pentadiene in Figure 15.9. 

This example emphasizes that the fundamental criterion for optical activity is not the 
presence of a stereogenic atom (none is present in the 2,3-pentadiene), but rather the nonsuper- 
imposability of mirror images of the molecule (Chapter 8). 

A further consequence of the allene structure is that it imposes a limit to the size of the ring 
in which such a linkage can exist and still have the molecule remain a stable entity. The smallest 
isolable cyclic allene is 1,2-cyclononadiene, shown in Figure 15.10. Attempts to prepare stable 
allenes with smaller rings have failed. We infer that the lack of stability derives from severe ring 
strain imposed by the linear array of three carbon atoms with the allenic structure. However, 
small ring allenes can exist as transient, reactive intermediates. 


1,3-butadiene 1,2-propadiene 
(a conjugated system) (an allenic system) 


FigurE 15.7 Contrasting arrangements of p orbitals in conjugated dienes and allenes. In an 
allene, the two л systems associated with the two double bonds are in perpendi- 
cular planes (are orthogonal). A continuous coplanar arrangement of p orbitals 
can not exist for allenes in the same way that it can for conjugated dienes. 


"= 


Figure 15.8 Geometry of ligands in methane and allene. The carbon and the two hydrogen 
atoms at one end of the allene molecule define a plane that is perpendicular to 
the plane defined by the carbon atom and the two hydrogen atoms attached at 
the other end. Note the similarity to the geometric arrangement of the atoms in 
methane. 
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Figure 15.9 Chirality of the 2,3-pentadiene molecule. Even though it contains no stereogenic 
atom, 2,3-pentadiene is a chiral molecule, and each of its two enantiomers is 
optically active. The structure on the left is not superimposable upon its mirror 
image (shown on the right). The latter structure is Shown rotated 180? in space to 
emphasize the non-superimposable nature of the enantiomers. We find this type 
of chirality in allene derivatives whenever two unlike groups (here methyl and 
hydrogen) are attached to each of the terminal carbon atoms. 


FicunE 15.10 Allene linkages in small rings. Cyclic allenes with rings smaller than nine 
carbons are too reactive to be isolated. The smallest cyclic allene that is 
sufficiently stable to be isolated is 1,2-cyclononadiene. The presence of an sp 
hybridized carbon atom requires that the three-carbon allene unit be linear. 
Attempting to incorporate such a linear region in a small ring introduces 
strain on the x bonds, twisting them away from the ideal x-bonding 
orientation in which the p-orbitals are parallel. This twisting weakens the x 
bond and renders it highly reactive. 


We can extend these considerations to larger cumulenes. The simplest of these is 1,2,3- 
butatriene (15.3). All of the atoms in this molecule lie in the same plane. When there are three 
cumulated double bonds, the ligands at the termini lie in the same plane, as they do with an 
ordinary alkene. This is true for any odd number of cumulated double bonds. When there are 
an even number of cumulated double bonds, the ligands at one end lie in a plane perpendicu- 
lar to that defined by the ligands at the opposite end. 
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Special Topic 


Polyacetylene 


Electron delocalization over the four carbon atoms of conjugated doubly bonded systems have an 
interesting practical application. Polymerization of acetylene produces a material known as poly- 
acetylene. Under the proper conditions, this material is a conductor of electricity—a very unusual 
characteristic for an organic molecule. Polyacetylene is a high molecular weight conjugated polyene 
containing many repeating units of the structure: 


(-СН--СН-СН--СН-, 


Thin films of polyacetylene сап be used as electrodes in batteries. Because organic materials are 
much lighter than metal conductors, lighter and potentially cheaper batteries can be made. 


BONDING IN ALKYNES 


The Carbon-Carbon Triple Bond In an alkyne two sp hybridized carbon atoms are 
bound to each other by one o and two л bonds. The two л bonds between the pair of sp 
hybridized atoms combine to produce a complete cylinder of п electron density about the inter- 
nuclear region (Figure 15.11). 

Because the sp orbitals of each carbon atom are colinear, the atoms attached to the sp 
carbons, as well as the sp carbons themselves, lie in a straight line, as shown in Figure 15.12. 
This geometrical requirement correlates with the observation that it is not possible to isolate 


5 


Figure 15.11 Representations of the carbon-carbon triple bond. A triple bond contains 
two mutually prependicular x bonds. The net electron density associated 
with the two x bonds is a complete cylinder about the internuclear axis. 


x—C=C— X 


ІШІ 


four atoms colinear 


Figure 15.12 Bonding geometry about a carbon-carbon triple bond. An important stereo- 
chemical consequence of an unstrained triple bond is that four consecutive 
atoms lie in a straight line. This geometry results from the sp hybridization of 
the carbon atoms of the triple bond. 


488 ORGANIC CHEMISTRY 


compounds containing a triple bond in a small ring. Cyclic alkynes are stable only when the ring 
contains nine or more carbons. The strain exhibited by small-ring alkynes is entirely analogous 
to that of small-ring allenes. 


Terminal Carbon-Hydrogen Bonds Terminal alkynes are those in which the carbon 
chain ends with the structural unit 


H—C=C— 


Terminal alkynes are unusually acidic relative to other alkynes and to most other hydrocarbons 
(e.g., alkanes and alkenes). The terminal hydrogen atom is lost as a proton when terminal 
alknyes are challenged with suitable bases. The relative acidity of terminal alkynes is most eas- 
ily rationalized by considering their conjugate bases (which are, of course, carbanions). We can 
use the hybridization model to predict the strengths of the conjugate bases of terminal alkynes, 
alkenes, and alkanes. As shown in Figure 15.13, each type of conjugate base has a different type 
of hybridization. 

The unshared electron pair of the acetylide ion is in an sp hybrid orbital. This orbital has 
50% s character. Any electrons in this orbital are therefore closer to the nucleus and bound more 
strongly to it than are the electrons of other types of carbanions. Carbanions derived from ethane 
and ethylene hold their electron pairs in sp? and sp? hybrid orbitals, respectively. These orbitals 
have less s character (25% and 33%, respectively), and electrons in them are held less tightly to 
the carbon nucleus. 

An acetylide ion is therefore predicted to be a weaker base than these other carbanions 
because the free electron pair is less available than those of the other carbanions. The corrolary 
is that the parent acetylene (or terminal alkyne) is predicted to be a stronger acid than (most) other 
hydrocarbons. Experimental results are generally in accord with such predictions. To illustrate 
this relationship, the relative order of acidities for several hydrocarbons is listed in Table 15.3 
with their approximate рК, values. 

This enhanced acidity of terminal alkynes should be kept in proper perspective. While termi- 
nal alkynes are significantly stronger acids than most other hydrocarbons, they are still quite weak 
acids. They are much less acidic than hydrofluoric acid (pK, ~ 3) or even water (pK, ~ 16), which 
are both significantly weak inorganic acids. Nevertheless, the enhanced acidity of the terminal 


Special Topic 


Cyanodecapentayne 


H —C=C—C=C—C=C—C=C—C=C—C=N 


Cyanodecapentayne 


Each of the eleven carbon atoms in cyanodecapentayne is sp hybridized. As a result, all thirteen 
atoms in the molecule lie in a straight line. This remarkable molecule has been identified by Canadian 
radio astronomers as a component of the cloud surrounding the carbon-emitting star CW Leonis. It 
is one of the most complex organic compounds thus far discovered in intergalactic space. 
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sp? sp? sp 


Ғісиве 15.13 Hybridization in carbanions. The carbon atoms that bear the negative charges 
in the conjugate bases of alkanes, alkenes, and alkynes have different 
hybridization. 


TABLE 15.3 Hydrocarbon Acidities. 


Hydrocarbon pK, 
Ш-- А I 25 
H5C — CH, 44 
CH, 48 


alkynes means that we can form salts of these materials by reaction with strong bases. Amide ions 
(from ammonia, pK, = 38) or carbanions derived from typical organometallics are sufficiently 
basic to generate acetylide salts from terminal alkynes. Two examples are shown in 
Equations 15.1 and 15.2. These reactions are simply acid-base equilibria. As always, the position 
of equilibrium favors the weaker acid and weaker base. The substituted acetylide ions are quite 
useful in a variety of synthetic manipulations that will be discussed in detail later in this chapter. 


CH;,CH,C=C—H + KNH, CH4CH,C ZC:-K* + NH; 


stronger stronger weaker weaker 

acid base base acid (Eq. 15.1) 
CH3;C=C—H + CH3MgBr = СНз С=С: MgBr* + СН, 

stronger stronger weaker weaker 

acid base base acid (Eq. 15.2) 


CHEMICAL TESTS FOR TERMINAL ALKYNES 


The tendency of terminal alkynes to form salts can serve an analytical function. Reactions that 
use heavy metals such as silver or copper to form salts result in the precipitation of the terminal 
alkyne salt from solution. Only terminal alkynes produce precipitates when treated with aqueous 
ammonia solutions of the Ag(I) or Си species. We thus have a quick (test-tube) method of test- 
ing for the presence of a terminal linkage in an unknown hydrocarbon sample. The reactions are 
shown in Figure 15.14. 
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Ag* 
CH;CH;,CH;C-C: 
H . 
> , (precipitate) aq. acid 
Ag(NH3); 
CH3CH,CH,C =CH CH,CH,CH,C еі 
1-репіупе 
Нн» aq. acid 


CH43CH;CH5;C =C; 
Cu* 
(precipitate) 


H50, Ag(NH3)5* 
СНз — C= C — CH, — — — — — ——» No Reaction 


2-butyne 


Ғісиве 15.14 Formation of copper and silver acetylides. The salts of terminal alkynes 
precipitate from the aqueous ammonia solutions containing the metal ions. 
Internal alkynes do not react under these conditions. The salts can be 
converted to their parent alkynes by adding acid. 


Heavy metal acetylides must be handled with care. They are shock-sensitive and detonate 
violently if they are isolated by filtration and allowed to start to dry. Apparently, the partially dry 
salts are not pure, but the occluded solvent or other materials generate an explosive system. 
Similarly, acetylene and some other alkynes undergo violent decomposition. Acetylene itself 
may undergo a violent exothermic reaction if pure or if it is in sufficiently high concentration in 
the gas phase. Cylinders of acetylene do not contain the pure substance, as is the situation with 
cylinders of nitrogen, oxygen or propane. Instead, they contain a dispersing medium (often 
sawdust) from which the acetylene escapes when the valve is opened. 


15.4 PREPARATION OF АІКУМЕ5 


SPECIAL METHODS FOR ACETYLENE 


On an industrial scale, acetylene can be produced easily (but not cheaply) from inorganic 
materials. A common procedure uses limestone (calcium carbonate) and coal (carbon) as the 
starting materials. On heating, limestone loses carbon dioxide to form quicklime (calcium 
oxide), which reacts with carbon in an electric furnace at 2000°C, forming calcium carbide, 
Calcium carbide is a strong base, the carbide ion being protonated by even weak acids such as 
water. The final step in the manufacture of acetylene by this route is the addition of water to 
calcium carbide. The entire route is summarized in Figure 15.15. The hydrolysis of calcium 
carbide is the principal source of acetylene for welding in the Third World. 
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Other methods are also used for the preparation of acetylene, including the partial 
oxidation of methane with molecular oxygen and the cracking of petroleum at temperatures 
of 2000*C. 


ALKYNES FROM DouBLe DEHYDROHALOGENATION OF DIHALOALKANES 


A common laboratory method for the preparation of alkynes is the dehydrohalogenation of 
dibromoalkanes with a strong base. An example is shown in Equation 15.3. These 
double dehydrohalogenations occur by means of two consecutive eliminations, as shown in 
Figure 15.16. 


Br Br 

| KOH, 1-butanol 

H—C—C—H ———— ъв Ph—C =C—Ph 

| 70°С, 3 hours 

Ph Ph 
1,2-dibromo-1,2-diphenylethane diphenylacetylene 
93% yield (Eq. 15.3) 
heat 
CaCO, ——— — ——» (СаО + СО, 
limestone quicklime 


2000°C 
2Ca045C —————————- 2 Сас, + СО, 


соке calcium carbide 
CaC,+2H,0 -------”- НСЕСН + Са(ОН), 


Ғісиве 15.15 Preparation of acetylene from limestone and coal. 


ru rai 
H-C-C-H м— ——— PhCH = C(Br)Ph 
| | 


Ph Ph 1-bromo-1,2-diphenylethene 


PhCH=C(Br)Ph | == Ph—C =C—Ph 


FIGURE 15.16 Stepwise progress of double dehydrohalogenation. The generation of ап 
alkyne from a dihalide proceeds in two distinct steps. The first step produces 
a vinylic halide, which is then further dehydrohalogenated to give the alkyne 
product. 
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The dihalide initially loses a hydrogen atom and a halogen atom to form a vinylic halide. 
(This reaction is completely analogous to the dehydrohalogenation of haloalkanes to alkenes as 
discussed in Chapter 9.) Then, the vinylic halide undergoes a second dehydrohalogenation to 
give the alkyne product. The second dehydrohalogenation step often requires a stronger base 
than hydroxide. In order to ensure that reaction does not stop at the vinylic halide stage, it is 
common practice to use sodium amide in liquid ammonia rather than potassium hydroxide in 
another solvent. This generally aqccomplishes both stages of the dehydrohalogenation. 
An example is shown in Equation 15.4. 


СН,Вг 1. excess МаМН> 


liq. NH3 
(СНз):СН — СН БА пр > (CH3),CH —C=CH 
| 2. HO 
Вг 
3-methyl-1-butyne 
1,2-dibromo-3-methylbutane 52% yield (Eq. 15.4) 


The work-up of these reactions merits comment. First, the liquid ammonia solvent is allowed 
to evaporate. Any terminal alkyne product will at this stage be present as its acetylide salt. This 
is the situation since the reaction conditions are sufficiently basic to remove a proton from the 
terminal carbon atom. In order to obtain the free alkyne, we must add a source of protons (water 
is sufficient) after the ammonia has evaporated. The yield of isolated alkyne is generally in the 
range 50-85%. 

The dihalides used in the preceding examples were vicinal dihalides, in which the two halogen 
atoms are attached to adjacent carbon atoms. We can also synthesize an alkyne in a double dehy- 
drohalogenation reaction using a geminal dihalide. A geminal dihalide is one in which the two 
halogen atoms are attached to the same carbon atom. An example of an alkyne synthesis using a 
geminal dihalide is shown in Equation 15.5. 


H CI 1. excess NaNH; 
| | in liq. NH3 
(CH434C— C—C—H — — — — —» (CH33CH —C—CH—H 
| | 2. НО 
H Cl 
1,1-dichloro-3,3-dimethylbutane 3,3-dimethyl-1-butyne 


60% yield (Eq. 15.5) 


We generally prepare vicinal dihalides from alkenes, and we can obtain geminal dihalides 
from carbonyl compounds. An example of the synthesis of a geminal dihalide from a ketone is 
shown in Equation 15.6. 


0 Cl. сі 
PCI; 


3-pentanone 3,3-dichloropentane 
81% yield (Eq. 15.6) 
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Special Topic 


Thiarubine-A 


с, -сес- %=сес—сес—сн=сн, 
8-6 
Thiarubine-A 


Thiarubine-A is a powerful anti-bacterial agent that has been discovered as a component of the leaves 
of the Aspila bush. The discovery of this structurally interesting compound followed observations that 
sick chimpanzees in the wild seek out and swallow the leaves. 


ELABORATION OF TERMINAL ALKYNES 


An important method for the synthesis of internal alkynes is their preparation from terminal 
alkynes. The terminal alkyne is first treated with a strong base (often sodium amide) to generate 
an acetylide salt. Acetylide ions are potent nucleophiles that readily perform 5қ2 reactions on 
methyl or primary haloalkanes that are unbranched at the B-position. An example is shown in 
Equation 15.7. 


1. NaNH, 
Н-С-С-Н о —————— H—C=C—CH,CH,CH,CH3 
2; СН3СН»СН»›СН»Вг 
ethyne 1-hexyne 


75% yield (Eq. 15.7) 


An important point to keep in mind is that an acetylide ion is able to behave as a strong 
base or as a potent nucleophile. We learned earlier (Chapter 12) that many secondary and most 
tertiary haloalkanes readily undergo dehydrohalogenation when treated with strong bases. 
Indeed, we find that acetylide ions dehydrohalogenate secondary and tertiary haloalkanes to 
alkenes. These types of haloalkanes should not be used if our intention is to effect nucle- 
ophilic substitution. 


15.5 PREPARATION OF CONJUGATED DIENES 


Отемез BY DouBLe DEHYDROHALOGENATION OF DIHALOALKANES 


Conjugated dienes (as well as alkynes) can be prepared by double dehydrohalogenation of 
dihaloalkanes. Three examples are shown in Equations 15.8-15.10. 
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СН; СН; 
| heat 
Н.С —C — C—Ph әфв 
| ад. МаСОз 
Вг Вг 
Ph 
2,3-dibromo-2-methyl-3-phenylbutane 2-methyl-3-phenyl-1,3-butadiene 
51% yield (Eq. 15.8) 
сња КОН, heat 
— 
СН›С1 НОСН»СН»ОН 
2,3-di(chloromethyl)bicyclo[2.2.2]heptanone 2,3-dimethylene- 
bicyclo[2.2.1]heptane 
40% yield (Eq. 15.9) 
CI 


CH;C] КОН, heat 


Мм— > 


HOCH;CH;OH 


3-methylenecyclohexene 
1-chloro-2-chloromethylcyclohexane 40% yield (Eq. 15.10) 

These examples demonstrate that 1,2-, 1,3-, or 1,4-dihalides can be used to synthesize 
conjugated dienes. However, several different modes of dehydrohalogenation can occur with 
some dihalides, leading, in principle, to mixtures of alkynes, conjugated dienes, and allenes. We 
must keep these multiple routes in mind when planning synthetic strategies for conjugated dienes. 


Отемез Bv DouBLe DEHYDRATION or DIOLS 


Another important route for the preparation of conjugated dienes is the double dehydration of 
1,2-, 1,3-, or 1,4-diols. The use of 1,2-diols is particularly convenient because they are easily 
prepared from alkenes (Chapter 10). An example of a diene synthesis from a 1,2-diol is shown 
in Equation 15.11. 


CH; СН; 
| | 45% НВг 
НС — C—C —CH3 — 
OH OH 
2,3-dimethylbutane-2,3-diol 2,3-dimethyl-1,3-butadiene 


70% yield (Eq. 15.11) 
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An important alternative to the hydroxylation of alkenes for the preparation of 1,2-diols is 
the reductive dimerization of aldehydes or ketones. Reductive dimerization occurs when a car- 
bonyl compound is allowed to react with an amalgam of an active metal (aluminum or 
magnesium). In some instances titanium tetrachloride facilitates the reaction. Examples are 
shown in Equations 15.12 and 15.13. 


O 
Al(Hg) reflux 
—_ > 
СС 
OH OH 
3-pentanone 3,4-diethylhexane-3,4-diol 

55% yield (Eq. 15.12) 

5 OH 

Mg(Hg), ТІСІ, | 
CH4(CHj)gCHO ---------- СНЗ:(СН,) —CH—CH— (CH ))¢CH3 
THF, 0°C, 2.5 hr. - 
octanol hexadecane-8,9-diol 

80% yield (Eq. 15.13) 


Отемез BY ELABORATION OF ALKENES 


If one double bond is already present in a molecule, we can often introduce a second double 
bond, conjugated with the first, by means of a two-step procedure. The first step in this proce- 
dure is allylic bromination, in which we introduce a bromine atom into an allylic position of 
the alkene. N-Bromosuccinimide (15.4) is commonly used to accomplish this conversion. 


N-bromosuccinimide 
(NBS) 
15.4 


An example of allylic bromination using NBS is shown in Equation 15.14. An allylic 
bromide, once prepared, can be dehydrohalogenated (if the adjacent carbon bears a hydrogen) 
to obtain a conjugated diene, as is illustrated in Equation 15.15. The quinoline used as a solvent 
in this reaction is also an organic base and serves to remove a proton in the dehydrohalogena- 
tion process. 
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Br 


И 
N—Br + N—H 
heat or named 


with peroxides 


O 


O O 
cyclohexene 3-bromocyclohexene ѕиссіпітійе 
67% yield 
(Eq. 15.14) 
Br 
heat 
——————— 
Фе 
> 
N 
3-bromocyclohexene (quinoline) 1,3-cyclohexadiene 
90% yield (Eq. 15.15) 


Allylic bromination is a free radical reaction. The reaction begins with the production of a 
low concentration of molecular bromine. The bromine forms by the reaction of NBS with traces 
of HBr that are always present in NBS. Under the reaction conditions (peroxides, heat or light), 
bromine undergoes homolysis to form bromine atoms. The bromine atoms subsequently abstract 
a hydrogen atom from the allylic position of the alkene, producing a resonance-stabilized free 
radical. 

Bromine atoms abstract allylic hydrogen atoms preferentially to ordinary aliphatic hydro- 
gens. A comparison of bond energies is instructive. The bond dissociation energy for an allylic 
carbon-hydrogen bond is «86-88 kcal/mole, while that of an ordinary tertiary carbon-hydrogen 
bond is ~91 kcal/mole. Thus, removal of an allylic hydrogen gives a more stable radical than is 
produced by removal of an ordinary aliphatic hydrogen (1°, 2° or 3°). The improved stability of 
an allylic radical correlates with our ability to draw two resonance structures (see mechanism). 
The Hammond postulate predicts that the allylic radical will also form faster than an ordinary 
aliphatic radical in this type of reaction, and this prediction is confirmed by experimental 
observations. 


15.6 ADDITION REACTIONS OF ALKYNES AND 
CONJUGATED DIENES 


GENERAL 


Many of the reagents that add to alkene double bonds also add to alkyne triple bonds and to 
dienes. However, in addition to many similarities, there are also some important differences in 
these reactions. These differences provide significant new insights into the natures of alkynes 
and conjugated dienes. We will first consider additions to triple bonds and then move on to 
consider addition to conjugated dienes. 
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Mechanism of Reaction 


Overall: 


Br 


NBS 
ЭЫы— 


light or peroxides 


Step 1 Hydrogen bromide reacts with NBS to give succinimide and bromine. 
O O 


N—Br + H-—Br = Br) + N —H 


Step 2 Homolysis of the bromine molecule occurs. 


hv 
Bry —  2Br 


Step 3 An allylic hydrogen atom is abstracted by the bromine atom. HBr is regenerated in this 
step. 


+ HBr 
а. or peroxides 


Step 4 The allylic radical abstracts a bromine atom from a bromine molecule. 


ADDITIONS TO THE ALKYNE TRIPLE BOND 


Addition of Hydrogen There are two main experimental approaches for adding two 
hydrogens to a triple bond. One is catalytic hydrogenation in which the two hydrogens add in a 
syn manner, and the other uses lithium in liquid ammonia, in which the two hydrogens add in 
an anti manner. 
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There are several aspects of the catalytic hydrogenation procedure that we need to consider. 
The alkene that forms upon addition of two hydrogens to an alkyne is itself susceptible to 
further hydrogenation under the conditions of the reaction. In practice, it is difficult to prevent 
the hydrogenation reaction from continuing all of the way to an alkane, as is illustrated in 
Figure 15.17. 

The most convenient way to stop hydrogenation at the alkene stage is to use a modified 
catalyst. Several such catalysts are available. The most common ones are Pd/BaSO, (palla- 
dium dispersed on barium sulfate) and Lindlar’s catalyst (Pd/CaCO;-PbO). Although 
alkynes add hydrogen in the presence of these catalysts, alkenes do not. Thus, we can isolate 
an alkene after adding hydrogen to the alkyne in a syn manner. An example is shown in 
Equation 15.16. 


Н», 1 atm., 25°C 
и. 


5% Pd/BaSO, 


dimethyl 5-decynedioate quinoline 
methanol 


CH30CO(CH))3 —C=C —(CH5),3CO;CH; 


H H 


CH30CO(CH))3 (CH5),CO;CH;5 


dimethyl cis-5-decendioate 
97% yield (Eq. 15.16) 


An alternative for the "interrupted" hydrogenation of an alkyne linkage to generate the 
(Z)-alkenes (syn-addition of the elements of hydrogen) is to use a reaction for which the anal- 
ogy is found in the chemistry of alkenes. That is, the controlled addition of a borane reagent to 
an alkyne followed by workup with acetic acid. This will generate the (Z)-alkene without the use 
of a hydrogenation catalyst. 

The second method for adding two hydrogen atoms to a triple bond involves placing the 
alkyne in liquid ammonia and then adding lithium or sodium metal. This type of reaction is 
referred to as a dissolving metal reduction. An example is shown in Equation 15.17. This reac- 
tion is quite different from the reaction of a terminal alkyne (a weak acid) with a strong base 
such as sodium amide (МаМН.). In this reduction the alkyne reacts with the sodium metal in the 
first step of the mechanism. The stereospecificity of the reaction arises because the alkenyl 


R R' 
Н; & / H, 


R—CZC-R' —— C=C ———> ЕСЊСЊЕ' 
PtO, g’ Ng РО, 


Ғісиве 15.17 Addition of hydrogen to an alkyne in the presence of a typical hydrogenation 
catalyst. The reaction proceeds in two steps. The initially formed alkene is 
reduced further to the alkane. 
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radical produced in the second step is more stable with the alkyl groups trans than with them cis 
(relative to each other). These configurations are illustrated in Figure 15.18. 


СНз(СН.)› Н 


CH,(CH;))—C=C—(CH2),CH, ММ 


4-octyne H (CH,),CH; 


(E)-4-octene 
90% yield (Eq. 15.17) 


Halogen Addition to Alkynes Alkynes react rapidly with chlorine or bromine. If the 
alkyne and halogen are present in equimolar quantities, the product is a dihaloalkene with a 
halogen attached to each of the two olefinic carbons. An example is shown in Equation 15.18. 
Addition of a second molecule of halogen can occur (to give a tetrahaloalkane) but does not pro- 
ceed as readily as the first addition step. We can usually stop the reaction at the dihaloalkene 
stage by limiting the amount of halogen used. 


СНзСН, Вг 
CH,CH,-C-c—cH,cu, еуен | u 
Br, 
3-hexyne zi а. 


(E)-3,4-dibromo3-hexene 
90% yield 
(Eq. 15.18) 


Hydration of Alkynes Water itself does not react with alkynes. However, we can add the 
elements of water (H and OH) across the triple bond by indirect methods. These methods are 
similar (but not exactly the same) as those used to accomplish the hydration of a double bond. 

Table 15.4 compares the reagents used to hydrate double and triple bonds using oxymercu- 
ration/demercuration and hydroboration/oxidation procedures. 

Consider the addition of the elements of water to a terminal alkyne using the oxymercuration 
method specified in Table 15.4. We expect the final product to be an enol, that is, a substance con- 
taining a double bond (en-) and a hydroxyl group (-о/). However, an important characteristic of 
enols is that they exist in equilibrium with carbonyl compounds (aldehydes or ketones). In most 


R R 
. / ин . / 
с=с Z с=с 
\ # 
R H R R 


АсовЕ 15.18 Relative stabilities of vinyl radicals. The second step of the sodium/liquid 
ammonia reduction reaction produces a vinyl radical. Of the two possible 
geometries, the (E) form, with the two alkyl groups trans to each other, is more 
stable than the (Z) form in which the two alkyl groups are cis to each other. This 
preferred stereochemistry is reflected in the final alkene product. 
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Mechanism of Reaction 


Overall: 


К-С-С-Е ——— 


Step 1 A sodium atom transfers an electron to the alkyne. A radical anion is formed. 


Аы A 


R—CZC—R + Ма ----- C=C + Na* 


Step 2 The radical anion is a strong base. It removes a proton from the liquid ammonia solvent, 
forming a vinyl radical with a preferred trans geometry. 


R R 
- ЛЕ 
сас =C + НМ 
T / N 
R H 


Step 3 The vinyl radical picks up an electron from another sodium atom, The vinyl radical is 
converted to a vinyl anion. 


instances the position of the equilibrium strongly favors the carbonyl compound, as is illustrated 
in Figure 15.19. Isomerism is which the isomers differ only by the location of a double bond and 
a hydrogen is known as tautomerism. 

Thus, when we hydrate an alkyne, we obtain an equilibrium mixture of an enol and a sub- 
stance containing a carbonyl group. Usually the fraction of enol in this equilibrium mixture is 
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ТАВІЕ 15.4 Conditions Used to Add the Elements of Water to Double and Triple Bonds. 


Oxymercuration/ Hydroboration/ 
Demercuration Oxidation 
Conditions for Alkynes 1. Hg(OAc),, НО 1. ВН, THF 
2. NaBH, 2. H,02, HO- 
Conditions for Alkenes HgSO,, Н5О4, ЊО Internal: 
1. ВН;, THF 
2. H,02, HO- 
Terminal: 
1. R,BH* 
2. H,02, HO- 
Stereochemistry for Alkenes and Alkynes Markovnikov Anti-Markovnikov 


* The Кіп R2BH is a bulky alkyl group, usually the 1,2-dimethylpropyl (disiamyl) group. 


extremely small, so that the major product we actually obtain upon hydration of an alkyne is a 
carbonyl compound. The mechanism by which an enol is converted to an isomeric carbonyl 
compound involves acid/base chemistry. 

Because of this enol/carbonyl tautomerism, the hydration of alkynes is an efficient method 
for preparing carbonyl compounds. An example is shown in Equation 15.19. 


O 
H—C=C—CH,CH,CH,CH; HERO s | 
H5SO,, НО 
1-ћехупе 2-ћехапопе 
80% yield (Ед. 15.19) 
HgSO, қ 
R—C=C—H — > C— СН, 
H5SO,, Н;О VA 
HO 
R S. 
C — CH, = Pa --СН; 
НО о 


Figure 15.19 Formation of a carbonyl compound by hydration of a terminal alkyne. The 
initially formed enol is in equilibrium with the carbonyl compound actually 
isolated as the product of the reaction. 
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Mechanism of Reaction 


Overall: 
R 
R 
| = H—B \ 
реа — | a 
HO HO 
Step 1 Protonation of the enol 
E R 
с=с Ы = С-СН; <>  C—CH4 + В: 
d HO HO, 


The acid H-B could be a trace of any acidic material, or could be another 
molecule of enol. 


Step 2 Loss of a proton 


R R 
C—CH b 
/ Pa СН; +B 
H—O O 
B: > 


At equilibrium the carbonyl compound is favored over the enol. This corre- 
lates with its greater thermodynamic stability. The net strength of the bonds 
of the carbonyl compound exceeds that of the isomeric enol. 


This reaction works particularly well with terminal alkynes. It is regiospecific; H adds to the 
terminal carbon atom and OH to the internal carbon atom of the triple bond. The resulting enol 
tautomerizes to a ketone. We see that the addition of H and OH to either a double bond or to a 
triple bond by way of oxymercuration/demercuration occurs with Markovnikov orientation. The 
hydration of internal alkynes is of little synthetic value (mixtures result) unless a symmetrical 
alkyne is used. An example in which a ketone is synthesized in good yield from a symmetrical 
alkyne is shown in Equation 15.20. 


O 
CH,CH, —C= C—CH;CH4 EL us 2 ку ч 
H,SO,4, НО 3-hexanone 


3-hexyne 85% yield (Eq. 15.20) 
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As we mentioned, in the presence of mercuric ion and sulfuric acid, the elements of water 
add to a triple bond with Markovnikov orientation. In Chapter 10 we saw that the elements 
of water can be added across a double bond with overall anti-Markovnikov regiospecificity 
using hydroboration followed by oxidation. Can we achieve something similar for triple 
bonds? 

Terminal alkynes do react with boranes in a regiospecific (and stereospecific syn) manner. 
A boron atom becomes attached to the terminal carbon atom and a hydrogen atom to the inter- 
nal carbon atom. (This reaction is entirely analogous to the reaction with alkenes.) However, the 
product of this reaction contains a double bond, and a second addition of the boron reagent can 
occur, leading to a geminal diborane. On treatment with base and hydrogen peroxide the gemi- 
nal diborane yields a primary alcohol. An example is shown in Equation 15.21. 


сњен—сес—-н 1283 |, 
2. H505, КОН, 1-butanol 
1-butyne 4 hr., 25°C 73% yield (Eq. 15.21) 


The addition of the second equivalent of borane reagent can be prevented by working with 
modified, sterically congested boranes of the type R;BH. One of the most common reagents of 
this type is di(1,2-dimethylpropyl)borane (disiamylborane—di-secondary-iso-amyl-borane), 
which is prepared by treating 2-methyl-2-butene with borane. Use of this reagent provides us 
with a route to aldehydes from terminal alkynes. An example is shown in Equation 15.22. 


1. [(CH35CHCH(CH3);BH T 
(CH435CH—C2C—H — 
2. НО», KOH О 
3-methy-1-butyne 3-methylbutanol 
70% yield 
(Eq. 15.22) 


Addition of Hydrogen Halides to Alkynes Hydrogen halides, HX, react readily with 
alkynes. H and X add to the triple bond with Markovnikov orientation—the same orientation 
that is seen in the addition of HX to double bonds. An example of this type of addition reaction 
is shown in Equation 15.23. The order of reactivity of the hydrogen halides correlates with their 
relative acidities—hydrogen iodide is most reactive and hydrogen fluoride the least reactive. 


HCI 
CH3CH;- С-С-Н ---- 
СІ 


1-butyne 2-chloro-1-butene (Eq. 15.23) 


Although we can halt the hydrohalogenation of alkynes at the vinyl halide stage, further 
addition of HX occurs easily. When further addition does occur, it is regiospecific. The addition 
of the second molecule of hydrogen halide places the incoming halide at the same carbon that 
received the first one; that is, a geminal dihalide is formed, as is illustrated in Figure 15.20. 


504 ORGANIC CHEMISTRY 


НАС CI 
HCI 9 ке HCl | 
CH,—C= C— СН; — C=C — CH3CH, —C— CH, 
7 N | 
H CH; CI 


Figure 15.20 Hydrogen halide addition to an alkyne. The first step usually (but not always) 
proceeds with anti stereochemistry. The second step is regiospecific, placing 
the second chlorine on the same carbon as received the first 


на T CH; а 
Ола а versus uL oe 
N 
H CH; H CH3 


Figure 15.21 Two possible carbocations resulting from the addition of a proton to 
(Z)-2-chloro-2-butene. The carbocation on the right is more stable, and thereby 
forms in preference to the one on the left. Its further reaction with chloride ion 
leads to the observed product of the reaction, shown in Figure 15.20. 


H CH, н Сн, 


Figure 15.22 Resonance structures of the favored cation in HCl addition to a vinylic chloride. 
Of the two cations shown in Figure 15.21, only one has an additional resonance 
structure in which every atom except hydrogen has a complete octet of 
electrons in its valence shell. 


The regiospecificity can be understood by comparing the two possible carbocations that 
could form when the vinylic halide is protonated. The two possible carbocations are shown in 
Figure 15.21. The right-hand strucure is more stable than the one shown on the left. We can asso- 
ciate this stability with a second resonance structure that can be drawn for the right-hand ion; in 
this latter structure (shown in Figure 15.22), every atom (except hydrogen) has a complete octet 
of electrons. 

This example illustrates the general need to consider additional resonance structures for the 
product or intermediates of a reaction. Resonance structures in which every atom (except hydro- 
gen) has a complete octet of electrons in its valence shell are usually more significant than 
structures that do not fulfill this condition. In addition, the existence of such a resonance structure 
is usually a good indication that the ion or molecule is more stable than related species that do not 
have electron delocalization. Note that the observed regiochemistry is contrary to what would be 
expected if we considered only the electronegativity of the halogen. The electron-withdrawing 
effect of a halogen atom would destabilize the cation shown on the right in Figure 15.21 (relative 
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to the cation on the left). However, the effect of resonance delocalization is in the direction 
opposite that of the electronegativity, and it overwhelms the electronegativity effect. 


ADDITION то CONJUGATED Отемез 


The same reagents that add to simple alkenes also add to dienes. If the diene is not conjugated, 
each double bond behaves as we would expect a simple alkene double bond to behave. However, 
with conjugated dienes there are some special aspects to the reaction that we need to consider 
carefully. First, let us examine some experimental results. 

Consider the addition of one equivalent of bromine in carbon tetrachloride to 1,3-butadiene. 
From a simple extrapolation of alkene chemistry, we expect two bromines to add to one of the 
double bonds. There are two double bonds, but addition of bromine to either of these bonds 
would produce the same product, 3,4-dibromo-1-butene. This compound is observed as a prod- 
uct of the reaction; however, we also observe cis and trans isomers of an initially surprising 
product, 1,4-dibromo-2-butene (see Figure 15.23). 

The relative amounts of 1,2- and 1,4-addition products are strongly dependent on experi- 
mental conditions. In general, 1,2-addition dominates at lower temperatures, and 1,4-addition 
dominates at higher temperatures. The results we have just seen for bromine addition are gen- 
eral. All additions to conjugated dienes give some 1,2- and some 1,4-addition products. We need 
to consider, first of all, how two types of products are obtained. Then we need to determine the 
way the relative amounts of the two product types are so dependent on reaction conditions. 


How We Get Two Products We will use the addition of HBr to 1,3-butadiene to 
develop our fundamental ideas about this type of addition. We noted earlier that the addition 
of hydrogen halides to simple alkenes (Chapter 10) usually proceeds by initial formation of 
a carbocation. Regioselectivity in the addition of the proton to a double bond is a result of 
the preferential formation of the more stable of the possible carbocations (Markovnikov 
orientation). 

Extrapolating this concept to 1,3-butadiene we expect HBr to react by first protonating a terminal 
carbon atom. The carbocation produced in this process is not only secondary, it is also allylic. 


Br; 
H,C=CH—CH=CH, —— 3 BrCH,—CHBr—CH=CH) + BrCH, —CH = CH — СН,Вг 


1,2-addition 1,4-addition 
mixed product obtained 


3,4-dibromo-1 -butene 1,4 -dibromo -2-butene 
(cis and trans) 


Figure 15.23 Bromine addition to 1,3-butadiene. Addition of one equivalent of bromine to 
1,3-butadiene yields a mixture of products. The 1,2-addition product 
corresponds to simple addition of two bromine atoms across one of the 
double bonds. The 1,4-addition product arises from addition of bromine 
atoms to the two ends of the conjugated diene system and the establishment 
of a double bond between C2 and C3. 
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The allylic nature of the carbocation affords it special stabilization, which we can see by writing an 
additional resonance structure, as shown in Figure 15.24. 

Because the allylic carbocation has a real structure that is intermediate between the two res- 
onance forms, there are two possible sites for bromide addition; bromide ion could add to either 
of the positive sites in the resonance structures. These possibilities are shown in Figure 15.25 for 
HBr addition to 1,3-butadiene. 


Kinetic versus Thermodynamic Control in 1,2- and 1,4-Addition These two 
types of addition (1,2- and 1,4-) are in competition. The relative yields of each product vary with 
the reaction temperature. Experimental results for the HBr addition to 1,3-butadiene at several 
temperatures are summarized in Table 15.5. As we increase the temperature of the reaction, the 
amount of 1,4-addition product increases. At lower temperatures, 1,2-addition predominates. 
This reaction system provides us with an interesting example of competing reaction 
processes. Before we delve into the underlying principles that influence this competition, let's 
consider another experimental result. Suppose 3-bromo-1-butene (the 1,2-addition product) is 
allowed to react with small amounts of aprotic Lewis acids (e.g., FeCl5) at a higher temperature. 
Although some of the 3-bromo-1-butene remains unchanged, significant isomerization to the 


TABLE 15.5 Product Distribution in HBr Addition to 1,3-Butadiene. 


Temperature (°C) 1,2-Addition Product 1,4-Addition Product 
-78 90% 10% 
-12 75% 25% 
0 62% 38% 
21 44% 56% 
H 


+ 
CH, —CH — CH=CH, 


H* 
jT 


H,C=CH — CH=CH, 


наета 


+ + 
H;C—CH—CH-—CH, <——> H,;C—CH—CH=CH, 


Figure 15.24 Protonation of 1,3-butadiene. The protonation of a terminal carbon atom 
rather than an internal one is favored. Protonation of the terminal site leads 
to a more stable carbocation, one that is secondary and allylic (resonance 
stabilized). The carbocation shown at the top is not allylic and therefore is 
less stable than the one shown at the bottom. 
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+ 


+ + 
H,C=CH— CH=CH, --> |H,C—CH— CH=CH, <> H,C—CH=CH— СН, 
Br. 


НЗС —CHBr — CH — CH, 
1,2-addition product 


+ 


H4C—CH = CH — CH, Br 


1,4-addition product 
(cis and trans) 


Figure 15.25 Addition of HBr to 1,3-butadiene. 


1-bromo-2-butenes (the 1,4-addition products) occurs. Similarly, if a pure sample of 1-bromo- 
2-butene is treated with FeCl; at the same high temperature, some of it is converted to 
3-bromo-1-butene. Furthermore, the ratio of 1,2-addition product to 1,4-addition product is the 
same regardless of which isomer is used as the starting material. This interconversion of prod- 
ucts does not occur at lower temperatures. 

At the higher temperatures an equilibrium mixture of the three isomeric forms exists. The 
internal (disubstituted) alkenes resulting from 1,4-addition are thermodynamically more stable 
and dominate when equilibrium is reached at higher temperature. In fact, the mixture of isomers 
is in accord (or nearly so) with their thermodynamic stabilities—this is always true of equilibria. 
The relative amounts of substances present in an equilibrium mixture reflect their thermodynamic 
stabilities, regardless of the direction from which equilibrium is approached. 

Now we must ask how it is that we observe the preferential formation of the thermodynam- 
ically less stable isomer at lower temperatures. Because equilibration of the isomers does not 
occur readily at low temperatures, we infer that the less stable isomer is formed faster than the 
more stable isomer. At low temperatures, the rates of formation of the product(s) rather than 
their stabilities determine their distribution. We say that the reaction under these conditions is 
subject to kinetic control. At higher temperatures, where we obtain an equilibrium mixture of 
products, we say that the reaction is subject to thermodynamic control. 

In earlier discussions we often mentioned that a thermodynamically more stable product is 
often formed more rapidly than a less stable product. Observations of this type led to the for- 
mulation of the Hammond postulate. We rationalized the Hammond postulate by supposing that 
the factors that tend to stabilize a product also tend to stabilize the activated complex leading to 
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that product. In general, the activated complex leading to a more stable product is more stable 
(lower energy) than that leading to a less stable product. However, we now have a clear excep- 
tion: at lower temperatures the major product (1,2-addition) is not the more stable product 
(1,4-addition). To understand what is happening in 1,2- versus 1,4-addition, we need to focus 
carefully on the structures of the intermediate material and the product in the final step of the 
reaction (the conversion of the allylic cation to the 1,2- or 1,4-addition product). 

The resonance structures for the intermediate allylic carbocation are shown again in 
Figure 15.26. Notice that the carbocation has two sites where positive charge can be distrib- 
uted. One of these sites is internal (15.5), and the other is terminal (15.6). Bromide ion could 
add to either of these two sites, resulting in 1,2- (from 15.5) or 1,4-addition (from 15.6). 
However, the two resonance structures are not equivalent energetically. One is a more signif- 
icant contributor to the actual structure than is the other. The true structure of the allylic 
carbocation is more nearly like the more stable resonance structure. Understanding which res- 
onance structure is the more stable will help us to understand the nature of the 1,2- versus 
1,4-addition competition. 

It is difficult to decide which resonance structure is of lower energy. We need to consider two 
effects. First, we need to consider which location is better for the double bond. Second, we need 
to consider which location is better for the positive charge. Structure 15.5 is favored by the loca- 
tion of the positive charge (a secondary site). However, structure 15.6 is favored by the location 
of the double bond (internal). Which of these two effects is more important? To answer this 
question we need to look at both factors quantitatively. 

Data from other systems allows us to answer the question just raised. Secondary carboca- 
tions are more stable than primary carbocations by approximately 20-25 kcal/mole (84—105 
kJ/mole). However, an internal (disubstituted) alkene is more stable than a terminal (monosub- 
stituted) alkene by only 1.9-2.8 kcal/mole (8-12 kJ/mole). The location of the charge is clearly 
more important for carbocation stabilization than is the location of the double bond. Being more 
stable, structure 15.5 contributes more to the resonance hybrid than does 15.6. The positive 
charge of the allylic carbocation is accordingly concentrated mainly on the internal position, and 
the double bond character is principally at the terminal position. 

We see that the allylic carbocation intermediate resembles the 1,2-product more than it does 
the 1,4-product. A greater degree of structural reorganization (changes of bond angles and 
lengths, and carbon hybridization) is required for generation of the 1,4-product than for gener- 
ation of the 1,2-product. In general, a greater change in structure is associated with a higher 
activation energy for a reaction. 

We can now compare the activation energies that control the conversion of the allylic 
carbocation to each of the possible products. The activation energy for the formation of the 
1,2-addition product is lower than that for the formation of the 1,4-addition product. Bromide 


+ + 
H,C -CH— CH=CH, «<——> H,C—CH=CH—CH, 
15.3 15.6 


Figure 15.26 Resonance structures for the allylic carbocation formed upon protonation 
of 1,3-butadiene. 
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addition at the internal position occurs faster simply because the positive charge is more 
highly associated with that site. The reaction progress diagram illustrating the competition is 
shown in Figure 15.27. 

At low temperatures the 1,2-addition product is dominant because collisions between allylic 
cations and bromide anions rarely involve sufficient energy to overcome the higher activation 
energy leading to 1,4-addition product. At higher temperatures the molecules are more energetic. 
Their collisions more frequently involve the energy needed to overcome the activation energy 
barrier for forming the 1,4-addition product. At the higher temperatures we say that the reaction 
is under thermodynamic control. When a reaction is under thermodynamic control, the product 
distribution depends on the difference in the stabilities of the products. 

We need to consider one final point. The activation energy leading to 1,2-addition product is 
always less than that leading to 1,4-addition product. If the 1,2-addition product forms faster at 
lower temperatures, should it not form faster at higher temperatures as well? The answer is a 
decided yes! However, we must realize that both 1,2- and 1,4-addition products can dissociate 
back to the allylic carbocation and bromide ion. Indeed, it is this reversibility that allows equi- 
libration and thermodynamic control to occur. The 1,2-addition product not only forms faster, it 


1,4-addition 


Energy 1,2-addition 


[NUN | ИЙ 


Reaction Progress су 


Ғісиве 15.27 Kinetic versus thermodynamic control in the reaction of HBr with 1,3- 
butadiene. The 1,4-addition product is thermodynamically more stable. 
Thus, it is the dominant product if equilibrium can be established (at high 
temperatures). The activation energy for formation of the 1,2-addition 
product is lower than that for formation of the 1,4-addition product. Thus, 
the 1,2-addition product is formed faster, and it is the dominant product if 
equilibrium is not established (at lower temperatures). 
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dissociates faster as well. It’s activation energy for dissociation is less than that for the more 
stable 1,4-addition product. Although the 1,4-addition product forms more slowly, is also disso- 
ciates more slowly (i.e., once formed, it tends to stay together), and the product ratio (eventually) 
reflects the relative stabilities of the two products. 


Using an Excess of Halogen The question of thermodynamic versus kinetic control is 
obviated if an excess of halogen is used. If sufficient halogen is added, we can accomplish addi- 
tion to both of the double bonds present, as is shown Equation 15.24. 


JN Br», excess 
НЗС / СН) --------”  CH3CHBrCHBrCHBrCHBrCH; 
(E, E)-2.4-hexadiene 2,3,4,5-tetrabromohexane 
87% yield 
(Eq. 15.24) 


15.7 THE DIELS-ALDER REACTION 


GENERAL 


One extremely useful reaction of conjugated dienes leads to the formation of a six-membered 
ring. This reaction is named after its discoverers, Otto Diels and Kurt Alder of the University of 
Kiel (Germany). For this work they were awarded the Nobel Prize in 1950. Generalized exam- 
ples of the Diels-Alder reaction are shown in Figure 15.28. 

In most instances, the Diels-Alder reaction is a concerted reaction. It occurs in a single step 
via a single activated complex. Most evidence argues against the involvement of any discrete 


-Х- Q 
CX 


22 
б | — 
SM 
diene dienophile six-membered 
component component ring product 


FigurE 15.28 Summary of the Diels-Alder Reaction. The Diels-Alder reaction involves the 
addition of a conjugated diene and a dienophile. The dienophile (/over of 
dienes) is either an alkene or an alkyne. For reactions to occur readily, the 
dienophile generally requires electron-withdrawing substituents to be 
attached to the double or triple bond. 
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intermediates such as radicals or ions. It is convenient (although not technically correct—see 
Chapter 30) to use the curved-arrow formalism to represent the electron shifts occurring in this 
reaction (see Figure 15.29). 

Overall, two new o bonds form between the ends of the original diene and dienophile com- 
ponents, along with a new x bond between the central atoms of the diene. None of the original 
three л bonds remains in the product. 

There are several aspects of the Diels-Alder reaction that are important for its synthetic utility. 
We will consider these in turn. 


REQUIREMENTS FOR THE Отеме COMPONENT 


The diene component of a Diels-Alder reaction must be a conjugated diene. Allenes and dienes 
containing isolated double bonds can not serve as the diene component in a Diels-Alder reaction. 
Moreover, the diene component must be able to adopt a cisoid conformation. The distinction 
between cisoid and transoid conformations is shown in Figure 15.30. 

For open-chain dienes such as 1,3-butadiene, free rotation about the central carbon-carbon 
single bond allows them to adopt either a cisoid or transoid conformation. However, this ability can 
be compromised if large substituents are present. For example, (Z,Z)-2,4-hexadiene is unreactive in 
the Diels-Alder reactions, presumably because the cisoid conformation is relatively unstable as a 
result of steric strain. As Figure 15.31 shows, the methyl groups are crowded together in the cisoid 
conformation, thereby raising the energy of any activated complex derived from that state. 


ex — 


Ғісиве 15.29 Curved-arrow depiction of the Diels-Alder Reaction. The direction of the 
electron-shifts (as indicated by the arrows) is arbitrary. Shown here as 
clockwise, they could just as well be shown as counterclockwise using this 
method. We will later (Chapter 30) see that neither is technically correct, 
although it is useful to use this designation to describe the structure of the 
product obtained. 


cisoid transoid 
conformation conformation 


Figure 15.30 The cisoid and transoid conformations of a diene. A conjugated diene 
must be capable of existing in a cisoid conformation in order to act as a 
diene component in a Diels-Alder reaction. 
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+ CH; нс ~ 
cisoid transoid 
conformation conformation 


Ғісиве 15.31 Conformation of (Z, Z)-2,4-hexadiene. The cisoid conformation is destabilized 
because the terminal methyl groups are forced into positions closer than the 
sum of their van der Waals radii. The molecule is essentially unreactive in the 
Diels-Alder reaction, although other geometric isomers of 2,4-hexadiene 
[(E,Z) and (E E)] are normally reactive. 


O С Go Q 


Dienes that are locked into Dienes that are locked in a 

a cisoid conformation undergo transoid conformation do not 
the Diels-Alder reaction undergo the Diels-Alder 
rapidly—they are always in reactions—they are never in 
the proper conformation. the proper conformation. 


Ғісиве 15.32 Conformationally rigid dienes. Cyclic dienes are conformationally more 
rigid than are open-chain dienes. Only those that can adopt a cisoid 
conformation are reactive toward dienophiles. 


Cyclic conjugated dienes are usually rigidly cisoid or transoid. Only those dienes containing 
cisoid linkages can undergo the Diels-Alder reaction. Several examples are shown in Figure 15.32. 


REQUIREMENTS FOR THE DIENOPHILE 


The dienophile is usually an alkene, although certain alkynes and other substances with double 
or triple bonds also react. However, not all alkenes serve well as dienophiles. For example, 
ethene, the simplest alkene, does not react as a dienophile under ordinary laboratory conditions. 
It does react with 1,3-butadiene under forcing conditions (at 200°C in the gas phase), and like- 
wise other simple alkenes react only with difficulty. 

Some types of substituted alkenes are highly reactive as dienophiles. In particular, those with 
an electron-withdrawing group attached to an olefinic carbon exhibit enhanced reactivity as 
dienophiles. The electron-withdrawing group can be an element of high electronegativity (e.g., 
the halide —F), or a group that is electron-withdrawing through a resonance effect (e.g., -CN or 
the —C=O group). This type of resonance effect is illustrated in Figure 15.33 for propenal. 

Later we will look in detail at several functional groups that are particularly good at activat- 
ing alkenes so that they serve as dienophiles. These include the functional groups of carboxylic 
acids and carboxylate esters, as well as carbonyl groups. Electron-withdrawing groups in allylic 
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Figure 15.33 Resonance structures for propenal. The resonance structure on the right is 
less significant than that shown on the left. However, it does contribute to 
the overall resonance hybrid. The result is that the true structure of propenal 
is somewhat electron-deficient in the region of the double bond compared 
to an ordinary alkene. 


positions also enhance an alkene's ability to act as a dienophile. For example, allyl alcohol 
(2-propen-1-ol, 15.7) and allyl chloride (3-chloro-1-propene, 15.8) are good dienophiles. 


H,C=CHCH,OH H;C— CHCH;CI 


allyl alcohol allyl chloride 
15.7 15.8 


STEREOCHEMICAL RELATIONSHIPS IN THE DIELS-ALDER REACTION 


An important aspect of the Diels-Alder reaction is its stereospecificity. Their reaction between 
(E, E)-2,4-hexadiene and allyl chloride demonstrates several points of stereochemical importance. 
The reaction is shown in Equation 15.25. The product retains the stereochemistry of the original 
diene. If we use an isomeric diene, we see a corresponding result, as shown in Equation 15.26. 
Notice that the product retains the stereochemistry of both the alkene and the diene starting mate- 
rials. As shown in Equation 15.26, the chloromethyl groups are cis relative to each other in both 
the starting alkene and the product. 


|“ CH; 
H C 
Sor up CH, 
| + | --- 
Б oa ss ^ ва 
H C H5C H = 2 
| | CH; 
СН» С1 
(E,Z)-2,4-hexadiene allyl chloride cis,cis-A-chloromethyl-3,6-dimethyl- 


cyclohexene 80% yield 
(Eq. 15.25) 
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Cl 
rin | CH; 
H,C H z 
H C 2 .CH,Cl 
Not “a b d г 
| + | | -----> 
С СН E 
NS 3 WO CNN , 
| | CH; 
H Cl 
(E, Z)-2,4-hexadiene (E)-1,4-dichloro-2-butene trans,cis,cis- 


4, 5-di(chloromethyl)- 
3,6-dimethyl-cyclohexene 80% yield 
(Eq. 15.26) 


A third stereochemical detail relates to a specific relationship maintained between the diene 
and the dienophile. Consider again the reaction shown in Equation 15.25. We can imagine two 
possible products conforming to the stereochemical restrictions we have just mentioned, as 
shown in Figure 15.34. The significance of this result will be taken into account shortly as we 
put all the data together in describing the full nature of the reaction. 

Through the investigation of the stereochemical course of many Diels-Alder reactions, the 
preferred geometry of approach and reaction has been elucidated. The diene (in a cisoid con- 
formation) and the dienophile sit in parallel planes, one above the other; the terminal carbons of 
one component are directly above the terminal carbons of the other. In this way the orbital lobes 
of the two molecules can interact most efficiently for the generation of new o bonds. The geom- 
etry of approach is illustrated in Figure 15.35. 

If the dienophile bears substituents, there are two possible geometries of approach to 
the activated complex. In one of these approaches, the endo approach, the substituent of the 
dienophile component is tucked under the diene component. In the other possible approach, 
the exo approach, the substituent is pointed away from the diene. The activated complexes for 
these two types of approach are illustrated in Figure 15.36. 


|“ H H єн; CH; 
H DW d : 
<< P C 
с ^H | 
+ C E and 
C ие N "СНС 
ip^ See Е) H CH;CI 
un c сң; сн; 


actual product 


FIGURE 15.34 Possible stereoisomeric products of a Diels-Alder addition of allyl chloride 
and (E, E)-2,4-hexadiene. Only опе of the two possible products is formed to 
any measurable extent in this reaction. The reaction is highly regioselective. 
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FicuRE 15.35 Approach of diene and dienophile іп the Diels-Alder reaction. 


CH CH ASH 


CI 


„А СН; 


НЗС wee . 
CH,Cl 


FicuRE 15.36 Posible geometries of approach for the Diels-Alder reaction of allyl chloride 
and (E,E)-2,4-hexadiene. There is a general preference for the reaction 
pathway involving the endo approach. This preference is understood to 
result from a stabilizing interaction between the molecular orbitals of the 
substituent groups and those of the diene (see Chapter 30). 
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The actual product distribution indicates that the endo approach is favored. We infer that this 
preference is due to energy-lowering interactions between the non-bonding and/or p orbitals of 
the dienophile substituent and the molecular orbital system on the diene. We say that the Diels- 
Alder reaction proceeds with endo selectivity; that is, formation of product via the endo 
approach is much more significant than the exo approach. 


THe Use or Сүсітс DIENES AND/OR DIENOPHILES 


If the reactants in a Diels-Alder reaction are cyclic, the product will be a polycyclic molecule. 
When a cyclic diene reacts with an open-chain dienophile (alkene) the product is a bicyclic 
molecule. 

The reaction of cyclopentadiene with methyl acrylate is shown in Equation 15.27. 


+ 
@ CH30 -- ж - 


cyclopentadiene (0) 
ТҮЗЕ 02 <осн; 


methyl acrylate 
endo-2-carbomethoxybicyclo[2.2.1]hept-5-ene 
90% yield 


(Eq. 15.27) 


Chemical Biography 


The endo product is favored over the exo 


Отто PAUL HERMANN DIELS 
b. 1876 
d. 1954 


Ph.D. University of Berlin 
(Fischer) 1899 


Nobel Prize (Chemistry) 1950 
KURT ALDER 


b. 1902 
611953 


Ph.D. University of Kiel 
(Diels) 1926 


Nobel Prize (Chemistry) 1950 


product by a large factor and is essentially the 
only Diels-Alder product formed. When draw- 
ing the structure of the endo product, we place 
the original alkene substituent anti to the one- 
carbon bridge. 

A more complex example of the Diels- 
Alder reaction is shown in Figure 15.37. In this 
reaction cyclopentadiene dimerizes via a Diels- 
Alder reaction, with one molecule of 
cyclopentadiene playing the role of the diene 
and the other playing the role of dienophile. 
This reaction occurs quite readily—cyclopenta- 
diene dimerizes rapidly at room temperature. 
The reaction can be reversed by heating the 
dimer. Whenever cyclopentadiene is needed in 


an organic reaction, the dimer must be heated first to produce the monomer—this reaction is 
called a retro-Diels-Alder reaction. 
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endo H 
— > 
(favored) H 


Addition occurs with the endo orientation, as shown above, 
rather than the exo orientaation as shown below. 


exo 
------- 
(disfavored) 
H 
H 


Ғісиве 15.37 Dimerization of cyclopentadiene by means of a Diels-Alder reaction. There 
is a general preference for the reaction pathway involving the endo 
approach. This preference is understood to result from a stabilizing 
interaction between the molecular orbitals of the substituent groups and 
those of the diene (see Chapter 30). 


Special Topic 


Aldrin and Dieldrin 


The reaction of bicyclo[2.2.1]hepta—2,5-diene with hexachlorocyclopentadiene proceeds via the 
Diels-Alder reaction to produce the compound whose structure is shown below. In this reaction the 
hexachlorocyclopentadiene serves as the diene and the bicyclic (unconjugated) diene as the 
dienophile. The product, a tetracyclic compound commonly known as Aldrin, is a potent insecticide 
and was used extensively for that purpose. 


a 
Cl Cl 
Cl 
a 16 hrs. 
СІ —_—_ 
90° 


Aldrin 
50% yield 
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Of similar utility (and ultimate fate) is the epoxidation product of Aldrin, dieldrin, whose structure 
is shown below. 


Cl Cl 
Cl СІ 
Н 
Н 
СІ 
СІ О 
. . Н 

Dieldrin H 


Both of these compounds are damaging to the liver and kidneys in mammals. As a result, their use 
in agriculture in the United states has been discontinued. 


15.8 OZONOLVSIS AND OTHER OXIDATIONS OF 
ALKYNES AND DIENES 


The ozonolysis of dienes is a simple extension of the chemistry of ordinary alkenes—ozone 
attacks each of the individual x bonds. The cleavage is completed with reductive or oxidative 
workup. The primary difference between dienes and simple alkenes in this process is the gener- 
ation of more fragment products with the dienes. Several examples are shown in Figure 15.38. 

The ozonolysis of alkynes proceeds less readily than the corresponding reaction of alkenes. 
However, it is useful for the cleavage of carbon-carbon triple bonds. Carboxylic acids result 
from water workup of alkyne ozonolysis, as illustrated in Figure 15.39. 

Alkynes are also oxidized by many reagents that oxidize alkenes. Aqueous acidic dichromate 
or aqueous basic permanganate cleave alkynes to carboxylic acids or their salts, as illustrated in 
Figure 15.40. 


* Both alkynes and dienes can be prepared by dehydrohalogenation of the appropriate 
dihaloalkanes. 

* For alkynes, a useful synthetic method is Ше Sy2 reaction of an acetylide ion with a 
primary haloalkane. This route enables terminal alkynes to be converted into more com- 
plex internal alkynes. 


* Conjugated dienes can be prepared from alkenes by first performing an allylic bromina- 
tion (with N-bromosuccinimide), followed by dehydrohalogenation of the product. 


* Terminal alkynes have a higher acidity than most other hydrocarbons. This acidity is 
associated with the hybridization of the acetylenic carbon atoms. 
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1.0 
© — “3 Ж» HOOC—COOH + HOOCCH,CH,COOH 
2. H505, H50 
di E oxalic acid succinic acid 


1,3-cyclohexadiene 


O O 
27 1.0, 
“= 2 СНЗСНО + 
К 2. Zn, acetic acid H H 
(E,E)2,4-hexadiene ethanol glyoxal 
O 
1. Оз H 
------------ 2 H 
2. Zn, acetic acid 
O 
1,5-cycloóctadiene succinaldehyde 
FIGURE 15.38 Examples of the ozonolysis of dienes. 
1. 05 
СН;СН;СН, —C=C— CH,CH, но СН;СН-СО;Н + CH3CH,CH,CO,H 
62502 


FicuRE 15.39 Ozonolysis of alkynes. Ozonolysis of an alkyne with aqueous workup 
generates carboxylic acids. We can use this reaction for a degradative 
analysis of alkynes. 


Na,Cr,0, 
(CH;),CHCH,—C =C —CH,CH, >» CH,CH,CO,H + (CH,),CHCH,CO,H 
H,S0,,H,O 


Ғісиве 15.40 Dichromate oxidation of alkynes. Like ozonolysis, acidic dichromate 
oxidation of alkynes yields carboxylic acids as fragments. 


* Terminal alkynes readily form acetylide salts upon treatment with strong base. 

¢ Both alkynes and dienes undergo addition reactions. In many instances these reactions are 
completely analogous to those undergone by alkenes. 

¢ Hydration of an alkyne leads initially to an enol, which tautomerizes to an isomeric 
ketone or aldehyde. This route allows a convenient synthesis of these carbonyl com- 
pounds from alkynes. 
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* Conjugated dienes undergo competing 1,2- and 1,4-addition reactions with electrophilic 
reagents. 


* Generally, the 1,2-addition product is formed via a lower energy activated complex than 
is the 1,4-addition product. However, the 1,4-addition product is more stable then is the 
1,2-addition product. As a result, the 1,2-addition product is favored at low temperatures 
and the 1,4-addition product at higher temperatures. This example illustrates competition 
between kinetic and thermodynamic control within a reaction. 


* The Diels-Alder reaction is a very important synthetic reaction of conjugated dienes. In 
this reaction a diene reacts with a dienophile (an alkene or an alkyne) to produce a cyclo- 
hexene derivative or a 1,4-cyclohexadiene derivative. The reaction is highly stereospecific. 

* Dienes and alkynes undergo oxidation and ozonolysis reactions that result in cleavage of 
carbon-carbon bonds. These reactions are analogous to those of alkenes. 


Terms to Remember 


conjugated dienes Lindlar’s catalyst thermodynamic control 
acetylide salts dissolving metal reduction dienophile 

vicinal dihalides enol endo approach 
geminal dihalide tautomerism exo approach 

allylic bromination kinetic control endo selectivity 


Reactions of Synthetic Utility 


72. base 
R—CHX—CHX—R' --------> R—CzC-mR' 


73. base 
R—CH,—CX,—R' — ————-  R—CzC-R' 


74. X 
/ \ 472. 
Н 
X = СІ, Br thermodynamic kinetic 
control control 
75. X 
/ \ со іші ЕТ 
X 
X = СІ, Br thermodynamic kinetic 


control control 
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76. 


71. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


R—C=C—H 


R—C=C—H 


Е' =1' 


К-С-С-нН 


M - Ag, Cu 


R—C=C—H 


R—C=C—R' 


К-С-С-Н — —— 


strong base 
о 


1. Базе 
-------::-5- 


2. R'X 


НО, H5SO, 
---------> 


HgSO, 


Н,О, H5SO, 
— 


HgSO, 


2 HX 


X=I>Br>Cl>F 


к-с-с-к 


2 HX 


—— y 


Х=1Вг> СІ>Е 


R—C=C—M 


R— CX,CH)R' + К — CH;CXjR' 
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85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


1. BH; 
R—CZC—H  ———————»-  R—CH;CH;0H 
2. NaOH, H,0, 


1. (sia) BH 
R—CZC-H ------  R—CH;CHO 
2: NaOH, H,0, 


sia = 1,2-dimethylpropyl (siamyl) 


1. BH; RU ж 
R—CzC-R' — — C=C 


2. свсон H^ ^н 


Н», catalyst 
R—CzC—R' ------>  R—CH;CH;—R' 


catalyst = PtO,, Pd/C, Ni 


Н», catalyst R, ж 
К-С-С-Е —— с=с 
HY “н 
catalyst = Pd/BaSO,, Lindlar's 
М, На. NH; К) yu 
R—CzC-R' — —— C=C 
M = Li, K, Na 
1.03 
R—C=C—R' =  RCOH + ЕСОН 
O 
|| РСВ 
С —————-  R'—CCh-R' 
ко ^R 
O OH OH 
| жже E ME 
= R' (р! 
RÓ ^R | | 


Problem 15.1 

Draw the enantiomeric forms for each of the following: 
a) 2,3-hexadiene 

b) 1,4-dichloro-1,2-butadiene 

с) 3-methyl-3,4-heptadiene 


(answer 


Problem 15.2 

Draw all isomers defined by the fololowing names: 
a) 2,3,4-heptatriene 

b) 2,3,4,5-nonatetraene 

с) 2,3,4,6-nonatetraene 


(answer 


Problem 15.3 
Rank the following in order of decreasing acidity: 


(answer) 


Problem 15.4 


Why would water or ethanol not be a good solvent for performing a sodium amide 
dehydrohalogenation reaction? 


(answer) 


Problem 15.5 


Dihalides required for the synthesis of alkynes are usually available from the bromination 
or chlorination of alkenes. Show all steps in the synthesis of propyne from propene. 


(answer) 


Problem 15.6 

Two different alkynes can result from the double dehydrohalogenation of some geminal 
dihalides. Which two alkynes could be expected on double dehydrohalogenation of 3,3- 
dibromo-5,5-dimethylhexane? 


(answer) 


Problem 15.7 
Outline the best synthesis of 2-pentyne from an aldehyde or a ketone. 


(answer) 


Problem 15.8 


Predict the major product that forms when tert-butyl bromide is allowed to react with 
sodium acetylide. 


(answer) 


Problem 15.9 


Describe the synthetic procedures needed to synthesize 2-hexyne from each of the 
following: 


a) propyne 
b) acetylene 
с) acetone 


(answer) 


Problem 15.10 


Acetylide ions behave as nucleophiles toward classes of compounds other than 
haloalkanes. Predict the product of formula СНО obtained by treating 1-butyne with 
sodium amide followed by ethylene oxide, followed by work-up with aqueous acid. Show 
a complete mechanism for the formation of the final product using the curved-arrow 
formalism. 


(answer) 


Problem 15.11 


Double dehydrohalogenation of 1,2-dibromocyclohexane could, in principle, lead to an 
alkyne, an allene, or a conjugated diene. However, only one of these products is actually 
obtained. Tell which one is obtained and offer an explanation for this result. 


(answer) 


Problem 15.12 

Each of the following dihalides can yield three possible products when subjected to 
double dehydrohalogenation. What are the possible products from each of the 
dihaloalkanes? 

a) 2,3-dibromobutane 


b) 2,2-dibromobutane 


(answer) 


Problem 15.13 


When 3,4-dimethylhexane-3,4-diol is heated with sulfuric acid, a conjugated diene is 
isolated. Suggest a structure for this diene. 


(answer) 


Problem 15.14 


On treatment with acid, 2-methylpentane-2,4-diol yields three isomeric conjugated 
dienes. Give their structures. 


(answer) 


Problem 15.15 


Which ketone would you use as a starting material to prepare 2,3-dimethylbutane-2,3- 
diol for further use in the diene synthesis shown in Equation 15.11? 


(answer) 


Problem 15.16 


Reductive dimerization of the ketone shown below leads to a mixture of a meso- and a 
racemic diol. Draw Fischer projections for each of these diols. Would you expect them to 
be formed in equal amounts in this reaction? Explain why or why not. What diene would 
be formed in the double dehydration of the mixture of diols? 


O 


(answer) 


Problem 15.17 


The fact that a low concentration of bromine is generated in NBS reactions is of great 
significance in achieving allylic substitution. What would be the difficulty involved in 
trying to accomplish allylic bromination of cyclohexene by mixing cyclohexene directly 
with bromine from a bottle and shining light on the mixture? 


(answer) 


Problem 15.18 


When 1-ћехепе is treated with NBS under conditions conducive to allylic bromination, 
we can isolate by distillation three different allylic bromides, all of formula СН, Вг. 
Explain this result. Which product do you expect to be formed in the greatest amount. 
Why does cyclohexene yield only a single allylic bromide when treated similarly? 


(answer) 


Problem 15.19 
Propose a synthesis of 1-hexen-4-yne starting from propene. 


(answer) 


Problem 15.20 


Consider the addition of first bromine (one equivalent) and then chlorine (one equivalent) 
to 3-hexyne. Assuming that both halogen additions occur with 10046 anti 
stereospecificity, provide complete names (including R/S descriptors) for all possible 
products. 


(answer) 


Problem 15.21 


Propose a mechanism for the conversion of an enol to a carbonyl compound initiated by 
the removal of a proton by a base. 


(answer) 


Problem 15.22 


Explain the difficulties associated with using 6-methyl-3-heptyne to synthesize 2-methyl- 
4-heptanone by hydration with water, mercuric sulfate and sulfuric acid. 


(answer) 


Problem 15.23 


Give the structure and the name of the product that is formed when one equivalent of 
hydrogen chloride is added to 2-butyne. 


(answer) 


Problem 15.24 


Give the product of the Diels-Alder reaction of HXC=CH-C=N with 1,3-butadiene. 


(answer) 


Problem 15.25 


Give a rationalization for the inability of the diene shown below to serve as the diene in a 
Diels- Alder reaction. 


(answer) 


Problem 15.26 


In the Diels- Alder reaction that forms Aldrin from hexachlorocyclopentadiene and 
bicyclo[2.2.1 ]hepta-2,5-diene, a product of another Diels-Alder reaction is also formed. 
This material is known as isodrin and is an isomer of Aldrin. Propose a structure for 
isodrin and describe the activated complex leading to it. 


(answer) 


Problem 15.27 


Which diene and dienophile should be combined to prepare each of the following 
compounds? 


a) OCH, CH, 
CO, CH, 
b) 
CH, OCH, 
2 H 
NO; 


(answer) 


Problem 15.28 


Give the structure of substance A, which reacts with 2,3-dimethyl-1,3-cyclohexadiene in 
a Diels- Alder reaction to give the product as shown below. 


CH; Н.С 
СІ + A > и CO;CH; 


(answer) 


Problem 15.29 


A Diels-Alder reaction uses the same compound as diene and dienophile. The product is 
a diene that, on ozonolysis and appropriate workup, yields carbon dioxide and the 
tricarboxylic acid shown below. Give the structure of the compound that serves as both 
diene and dienophile, the nature of the Diels-Alder reaction, and the nature of the 
ozonolysis. 


(answer) 


Problem 15.30 
Draw structures and provide names for all isomers of formula C5Hs that do not contain 


rings. Classify the compounds as isolated dienes, conjugated dienes, allenes, terminal 
alkynes or internal alkynes. 


(answer) 


Problem 15.31 
Show structures for each of the following: 
a) (E)-3-isopropylhex-2-en-4-yne 


b) the carbocation formed by the addition of 1 mole of H* to 1,4-pentadiene 


с) the cationic intermediate formed upon adding 1 mole of H* to cis,cis-2,4- 
hexadiene 
d) the major product obtained by adding 1 mole of Br» to trans-1,3-hexadiene at 


relatively high temperature 


e) two isomeric products of formula CsH¢Br2 obtained by adding 1 mole of Br» to 
cyclopentadiene 
f) the product of reaction of 3-hexyne with two equivalents of HI 


g) the product of the reaction of 3-hexyne with Na/liq. МН» 


h) the product of the reaction of 4-methyl-2-pentyne with ozone followed by water 
workup 


1) an alkyne of formula C,H, that gives a precipitate upon treatment with silver 
nitrate in aqueous ammonia solution 


j a geminal dichloride of formula C7Hi4Cl» that can not form an alkyne upon 
attempted double dehydrohalogenation 


k) an aldehyde of formula СНО that can not exist in a teutomeric enol form 
1) a substance of formula C4H6Br obtained by heating 3,4-dibromo-1-butene at 
200'C 


m) the product of a Diels-Alder reaction that occurs when 1,3-butadiene and ethylene 
are heated together at 200'C 


n) the product of a Diels-Alder reaction between cyclopentadiene and 2,3-dimethyl- 
2-butene 

о) the product obtained by treating 1 mole of cyclohexylacetylene with 2 moles of 
HBr 

p) an alkyne of formula CsHi4 that yields a single ketone when treated with water, 


mercuric sulfate, and sulfuric acid 


q) a substance that will react with H5C-CH-CHO in a Diels-Alder reaction to yield 
the product shown below 
O 


7 
H 
CHO 
r) the product obtained upon trreating the substance shown below with hydrogen in 


the presence of PtO» as a catalyst 


/ 


5) Ше product obtained upon treating Ше substance shown in part (г) with hydrogen 
in the presence of a Pd/BaSO,/catalyst 


t) the isomeric products of formula СеНоВг obtained upon treating 1- 


methylcyclopentene with N-bromosuccinimide in CCl, in the presence of peroxides and 
light 


(answer) 


Problem 15.32 


Consider competing reactions of compound C to yield products A and B. A reaction 
progress diagram for these competing reactions is shown below. One product dominates 
at low temperature and the other dominates at high temperature. Explain this result, 
telling which product is favored under each of the reaction conditions. 


Energy 


Reaction Progress Е 


(апз\ег) 


Problem 15.33 


There are three isomers corresponding to the general name 2,4-hexadiene. Name these 
isomers using the E/Z notation system. Which of these isomers is expected to be the most 
reactive and which the least reactive when subjected to Diels- Alder reaction with an 
appropriate dienophile? Explain your answer. 


(answer) 


Problem 15.34 
Provide explanations for each of the following two observations: 


a) The carbon-chlorine bond of vinyl chloride (Н>С-СНСІ) is shorter than the 
carbon-chlorine bond of chloroethane. 


b) Protonation of dihydropyran (shown below) occurs exclusively at C3. 
3 
О 2 
1 


(answer) 


Problem 15.35 


Each of the following substances can be prepared in a single step using a suitable diene 
and other reagents. Give the reagents and reaction conditions for each of these 
preparations. 


a) 2-bromo-4-methyl-3-hexene 


b) 
O 


077 ~ 


(answer) 


Problem 15.36 


Each of the following compounds can be prepared from an appropriate alkyne precursor. 
Show how each can be prepared. 


a) 2-pentanone 
b) CH3CH2CH2CH2CHO 


с) 
CH, CH,C=CMgBr 


(answer) 


Problem 15.37 


Give the products for each of the following reactions: 


a) 3,4-dimethyl-1 -pentene treated with N-bromosuccinimide followed by heating 
with ethanolic KOH 

b) 1-buten-3-yne treated with silver nitrate in aqueous ammonia 

с) propyne treated with two equivalent amounts of HCl 


d) 2-methyl-1,3-cyclohexadiene heated with НСІ 

e) 2,3-dimethyl-1,3-cyclohexadiene treated with bromine at low temperature 
f) 1,3-butadiene heated with acrylonitrile (Н-С-СНСМ) 

g) cyclopentadiene heated with acrolein (ЊС=СНСНО) 


h) 1,3-butadiene heated with 2-methylacrolein 


1) cyclopentadiene heated with cyclopropene 

j cyclononyne treated with aqueous mercuric sulfate and sulfuric acid 

k) 1-penten-4-yne treated with hydrogen over Lindlar's catalyst 

1) 2,2-dimethyl-3-pentanone treated with PCl; followed by reaction with excess 
NaNH2 


(answer) 


Problem 15.38 


Give the appropriate reagents for each of the following synthetic conversions: 


a) 
b) 
с) 
4) 
е) 
f) 
9) 
h) 
i) 
2) 
К) 
ђ 


m) 


n) 
0) 


p) 


1,3-pentadiene to 1,4-dibromopentane 

acetylene to cis-2-butene 

acetylene to 3-hexyne 

1-butyne to 3-hexanone 

cyclohexane to 1,3-cyclohexadiene 

1-bromopropane to 2-hexyne 

propyne to pentane 

1-ргорапо! to propyne 

2-butyne to meso-2,3-butanediol 

cyclohexyl methyl ketone to 2-cyclohexyl-1-bromoethane 
ethanol to 1-bromobutane (using only inorganic reagents) 
cis-3-hexene to trans-3-hexene 


3-hexyne to each of the folowing deuterated alkenes: 


CH, CH, CH, CH; CH; CH, D 


and 
D D D CH, CH; 


1-butyne to trans-1-methyl-2-ethylcyclopropane 
calcium carbide to propyne 


] -butyne to butanal (CH3CH2CH2CHO) 


(answer) 


Problem 15.39 


Show a series of reactions that will result in then synthesis of muscalure (cis-9-tricosane), 
the sex attractant of the housefly, starting with acetylene and any alcohols of your choice. 


(answer) 


Problem 15.40 


The mentor of two graduate students, Heckel and Jeckel, is interested in studying certain 
brominated dienes. He instructs Heckel to prepare 3-bromo-1,4-pentadiene, and Jeckel to 
prepare 5-bromo-1,3-pentadiene. Heckel decides to treat 1,4-pentadien-3-ol with sodium 
bromide and sulfuric acid. She obtains a product that her mentor, after hearing of the 
procedure and looking at some structural elucidation data, hands over to Jeckel, sending 
Heckel back to the Internet and laboratory. How did Heckel manage to prepare Jeckel's 
compound? Give a mechanism for its formation. 


(answer) 


Problem 15.41 


Suggest structures for compounds C and D that are consistent with the reaction scheme 
shown below. 


precipitate 
Ag(NH3)5* 
Н,, РО, 
С -----” ethylcyclopentane 
(C; Hg) 
H,, Pd/BaSO, 
D (СН) 


(not a conjugated diene) 


(answer) 


Problem 15.42 


Conjugated trienes may undergo 1,2-, 1,4- or 1,6-addition reactions. Deduce the structure 
of the product obtained upon a 1,6-addition of bromine to 1,3,5-hexatriene. 


(answer) 


Problem 15.43 


Substance E of formula CsHgO can be pepared by the reaction of sodium acetylide with 
acetone, followed by workup with aqueous acid. Compound E is reduced by hydrogen in 
the persence of Lindlar's catalyst to Е, which on treatment with sulfuric acid gives G, of 
formula СН. Compound G, when ozonized followed by treatment with zinc and water, 
yields a mixture of the two compounds shown below. Give structures for compounds E- 


G. 


Н,С-О C 
2 нұс“ “СНО 


(answer) 


Problem 15.44 


Substance H, of formula СлоНлоВг gives a mixture of two isomers, J and J, of formula 
СоН в, on treatment with base. If the base used is KOH in ethanol, the main product 1$ 1. 
However, if the base used is potassium fert-butoxide in tert-butyl alcohol, the main 
product is J. Both Г and J are converted to К, of formula СНз, on treatment with an 
excess of hydrogen in the presence of a catalyst. Compound J, on treatment with hot, 
aqueous permanganate solution followed by acidification, yields a mixture of two 
compounds, L and M, whose structures are shown below. The ratio of L:M produced in 
this reaction is 2:1. Given this information, answer each of the following questions. 


a) Suggest structures for the compounds H-K. 

b) What products are expected upon ozonolysis of J followed by workup with zinc 
and water? 

с) Compound M is formed as the sole product of the reaction of a different alkene, 


N, of formula СН о with hot, aqueous basic permanganate solution. Suggest a structure 
for N. 


d) Compound Lis the sole organic product obtained by treating yet another alkene, 
О, of formula C4H6, with hot, aqueous basic permanganate solution followed by an acidic 
workup. Suggest a structure for O. Notice that L contains three carbon atoms while O 
contains four carbon atoms. What happened to the fourth carbon atom during the 
permanganate treatment? 


О 
С HO, C-CH, CH, -CO,H 
нус“ сн, 
1, М 


(answer) 


Problem 15.45 


When compound Р is heated with N-bromossuccinimide in the presence of peroxide, а 
product Q, of formula С5Н5ВГО is obtained. When О is treated with a base, R is isolated. 
The structure of P and R are shown below. Give a structure for Q and a mechanism for 
the formation of R. 


| 
NBS base Y 
> Q > 
о О 
Р R 


(answer) 


Problem 15.46 


An intramolecular Diels-Alder reaction can occur when molecules containing both a 
conjugated diene unit and a dienophile unit are heated. Predict the products obtained by 
means of intramolecular Diels-Alder reaction when each of the following compounds is 
heated. 


a) H, C=CH-CH=CH-CH 2 CH, CH, -C(O)-CH=CH 2 


b)  H,C-CH-CH-CH-CH , CH, CH, -CH=CH-C(0)-OCH , 


(answer) 


Problem 15.47 


Once a Diels-Alder reaction has been performed, it is at times possible to perform a retro- 
Diels-Alder reaction on the product to yield not the original diene and dienophile, but a 
new pair of compounds. This process can be quite useful for synthetic purposes. For the 
reactions shown below, give the structures of the Diels-Alder products, 5 and T, and the 
products of retro-Diels-Alder reacrtions, U and V. 


retro 


= S o ае U thyl 
Diels-Alder ~ T AMEI 


a) 
+ H—— 
b) 
OH 
retro 
O > Т — V + СО, 
Ж 73 ОСН; Diels-Alder 
~ 0 O 


(answer) 


== __СНО 


15.1-answer 


a) 


H 
N LH 
с=<= 
~ 
CH 
CH,CH, Ы 
b) 
H 
N H 
с= с=с: 
та 
CICH, 
с) 
H 
X H 
C—C-— = 
/ CH(CH;), 


H 

H., / 

нс” == 

3 CH, CH; 
H 

H., / 

22626 
СН, СІ 


Н. 


'"C-—C-— 
(CH;),CH~ 


15.2-answer 


a) 


H H 
N 
с-с-с-с 
\ 
Н.С CH, CH, 
b) 
H 
H. j 
u zi Е. 
3 CH, CH, CH; 
с) H H 
C=CS=C=C CH, CH3 
H,C 2. 
H H 
H3C H 
\ 
с=с=с = CH, СН; 
H ES 
H H 


Н.С Н 
\ / 
с-с-с-с 
H СН, СН; 
Н 
НзС... / 
uec rv cT 
СН, CH, CH, 
H H 
/ 
с-с-с-с H 
Н.С Ра 
H CH,CH, 
H,C H 
\ / 
с=с=с=с н 
N / 
H C=C 


15.3-answer 


о > CH3C=CH > NH; > CH3C=CCH3 


15.4-answer 


Water and ethanol are too acidic. They would rapidly donate a proton to the amide anion 
yielding ammonia, and the base remaining would be either hydroxide ion or ethoxide ion, 
both of which are significantly weaker than the amide ion. 


15.5-answer 


Br 


m Br; eX Хамн, 
N á Br 


ссі, (water work-up) 


15.6-answer 


5,5-dimethyl-2-hexyne and 5,5-dimethyl-3-hexyne 


15.7 -answer 


1) butanal (CH3CH2CH2CHO) treated with PCl; to give 1,1-dichlorobutane 
2) 1,1-dichlorobutane treated with sodium amide to give 1-butyne 
3) 1-butyne treated first with sodium amide and then iodomethane to give 2-pentyne 


15.8-answer 


methylpropene 


15.9-answer 


a) treatment of propyne with sodium amide to generate the anion followed by 
reaction of the anion with 1-бготоргорапе 


b) treatment of the acetylene with sodium amide to generate the monoanion followed 
by addition of iodomethane and water work-up to give propyne - this is followed by the 
procedure as in a) to get 2-hexyne from propyne 


с) treatment of acetone with phosphorus pentachloride to give 2,2-dichloropropane 
followed by treatment with sodium amide and water work-up to give propyne - this is 
followed by the procedure as in a) to get 2-hexyne from propyne 


15.10-answer 


CH,CH,C=C: dE = — a m 


O + 
ЊО-Н 
207 


Y 


CH,CH,C7 ссн,снон 


15.11-answer 


Only the 1,3-cyclohexadiene is formed (the conjugated diene). Formation of either the 
allene or the alkyne would place excessive strain on the six-membered ring, sufficient 
strain that it would not form. Rings of at least nine carbons are required for either type of 
linkage to be contained in an isolable compound. 


15.12-answer 
a) 2-butyne; 1,3-butadiene; 1,2-butadiene 


b) 1-butyne; 2-butyne; 1,2-butadiene 


15.13-answer 
3,4-dimethyl-2,4-hexadiene 


NOTE: there are three isomers possible for this product, and a mixture would be 
expected, including the (2E,4E)-, (27,4 Е)- апа (2Z,4Z)- isomers. 


15.14-answer 


AA 
AJ 
АА 


15.15-answer 


H3C 118 
C — C— CH 
и | n 
O CH; 


This ketone would be treated with methylmagnesium bromide to generate a tertiary 
alcohol that on dehydration (treatment with acid) would yield 2,3-dimethyl-2-butene as a 
precursor to the 2,3-dimethylbutane-2,3-diol. 


15.16-answer 


(CH3),CH OH (CH,),CH OH HO СН(СН ,), 
(СИз) „СН ОН HO CH(CH;), (СНз); CH OH 
meso- racemic mixture 


We would not expect equal amounts of the racemic and meso- forms to be generated. The 
steric interactions about the sites coming together for the two possible approaches are not 
equivalent, and that which provides the least steric repulsion would be favored. The diene 
to be generated ultimately is: 


15.17-answer 


The difficulty would be found in the competition of an alternative possible reaction of the 
bromine, specifically the addition of the bromine across the olefinic linkage. This 
reaction becomes significant when the concentration of molecular bromine is sufficiently 
high that it can approach the alkene linkage and add in the manner commonly found for 
bromination of an alkene. If the concentration of bromine is maintained extremely low, 
virtually all of the bromine present can be photolyzed, thus preventing it from taking part 
in the polar addition reaction at the alkene linkage. 


15.18-answer 


The three products from 1-hexene reaction are: 


Br 
SM 


We would anticipate product A to be formed in the greatest amount as secondary radicals 
bear greater stability than do primary radicals, leading to the consideration that the 
resonance contributing form on the right is more important than the one on the left, and 
thereby the one from which most product should be derived. 


With cyclohexene, different carbons on the ring can similarly become attached to the 
bromine. However, unless we have specific isotopic substitution (carbon) in the ring, we 
can not tell the difference between these various positions to which the bromine becomes 
attached. 


15.19-answer 
(1) propene treated with bromine to give 1,2-dibromopropane 


(2) 1,2-dibromopropane treated with an excess of sodium amide and worked-up with 
water to give propyne 


(3) propene treated with NBS under light irradiation to give allyl bromide 


(4) propyne treated with sodium amide to give the anion, followed by addition of 
allyl bromide to give the 1-һехеп-4-упе 


15.20-answer 


The product will be the meso structure, (3R,4S)-3,4-dibromo-3,4-dichlorohexane. 


15.21-answer 


+ H-B* 


+ 


15.22-answer 


The two ends of the carbon-carbon triple bond are electronically very similar and the 
oxygen of the water would add to each of the two ends with almost equal facility. Thus, a 
nearly 1:1 mixture of two ketones (2-methyl-4-heptanone, the target material, and 2- 
methyl-5-heptanone, an unwanted material) is formed. 


15.23-answer 


H,C CH 
3“ E 3 
C—C 
/ \ 

H CI 


(E£)-2-chloro-2-butene 


and 


H CH, 
Ni 
с=с 
/ \ 

H,C СІ 


(Z)-2-chloro-2-butene 


15.24-answer 


CN 


15.25-answer 


There are two ways we can look at the inability of the diene 


to serve as the diene component in a Diels- Alder rection. First, the two ends of the diene 
linkage are simply too far apart to interact with the ends of the dienophile component, 
locked as they are in a transoid conformation. Second, if we were to write a product for 
Diels-Alder type addition to a dienophile, the resultant cyclohexene ring would 
incorporate a trans olefinic linkage within a small ring. The ring would be much too 
strained to accommodate such a linkage. 


15.26-answer 


сі СІ 


СІ 


The activated complex for the formation of this compound involves endo approach of the 
reagents, whereas for the formation of Aldrin exo approach is involved. 


15.27-answer 


CH,CH,O 


b) 


15.28-answer 


H4,CO,C ——-— CO, CH, 


A 


15.29-answer 


N / is Ше starting diene/dienophile 


is the Diels-Alder product 
— 


The ozonolysis involves oxidative workup. 


15.30-answer 


2% isolated diene 


1,4-pentadiene 

conjugated dienes 
Z^ P jug 
( E)-1,3-pentadiene (Z)-1,3-pentadiene 


di di 


2-methyl-1,3-pentadiene 


.---/ = ER d allenes 


2,3-pentadiene 1,2-pentadiene 
m N m | terminal alkynes 
1-pentyne 3-methyl-1-butyne 


y internal alkyne 


2-pentyne 


15.31-answer 


a) 


b) + 


с) 


е) Вг 


© 


Вг Вг Вг 
апа 
f) 
ағы 


5) 

P d 
h) 

CH,CO,H and (СН,),СНСО,Н 
i) 
k) 

(CH;),CCHO 
П) 

Br OY B. 


n) 


о) 


г) 


5) 


Вг 


Вг 


CH, CH, CH, 


Br 


and 


and 


Br 


15.32-answer 


Product A is the dominant one at the lower temperatures. It has the lower activation 
energy, although it is of higher thermodynamic energy than is B. It is formed under 
conditions of kinetic control. 


Product B is the dominant one at the higher temperatures. While it has the higher 
activation energy for being formed from A, it is of overall lower thermodynamic energy 
and thereby is the more stable product. 


15.33-answer 


The isomers are 
(E, E)-2,4-hexadiene 
(E, Z)-2,4-hexadiene 
(Z, Z)-2,4-hexadiene 


We would expect the (E, E)-2,4-hexadiene to be the most reactive and the (Z, Z)-2,4- 
hexadiene to be the least reactive on the basis of their ability to adopt a cisoid 
conformation, the first having minimal steric repulsion for adopting this conformation 
and the latter the greatest steric repulsion for adopting this conformation. 


15.34-answer 


a) The carbon attached to chlorine in vinyl chloride uses a sp? hybridization scheme 
to bind to chlorine, whereas the carbon in chloroethane uses a sp? hybridization scheme. 
The latter orbital mix holds the electrons for bond formation farther from the carbon 
nucleus resulting in a longer bond. 


b) Protonation at carbon-3 leads to a cation that is resonance stabilized, which does 
not occur with protonation at any other site. 


H H 
H* H H 
=g <-> 
+ 67 
О 
+ 


15.35-answer 
a) Treat 4-methyl-1,3-hexadiene with HBr at low temperature. 


b) Treat 1,3-butadiene with ethyl acrylate by heating. 


15.36-answer 
a) Treat 1-pentyne with water, mercuric sulfate and sulfuric acid. 


b) Treat 1-pentyne with one equivalent of disiamylborane and follow that with 
treatment using hydrogen peroxide and water. 


с) Treat 1-butyne with methylmagnesium bromide. 


15.37-answer 
a) 3,4-dimethyl- 1,3-pentadiene 


b) 
СН,-СНС-САғ 


с) CH3CCl2CH3 
d) 2-methyl-3-chlorocyclohexene 
e) 1,2-dimethyl-3,6-dibromocyclohexene 


f) 4-cyanocyclohexene 


9) 


CN 


h) 4-cyano-4-methylcyclohexene 


1) 


= 


// н 


p cyclononanone 
k) 1,4-pentadiene 


1) 2,4-dimethyl-2,3-pentadiene 


15.38-answer 


a) Treat 1,3-pentadiene with an equivalent amount of bromine at elevated 
temperatures. 
b) Treat acetylene with an excess of sodium amide to give the disalt, followed by 


reaction with iodomethane to give 2-butyne, followed by reduction with hydrogen over 
Ра/Ва$ Од. 


с) Treat acetylene with an excess of sodum amide to give the disalt, followed by 
reaction with iodoethane to give the 3-hexyne. 


d) Treat the 1-butyne with sodium amide followed by iodoethane to give 3-hexyne, 
and then treat with aqueous mercuric sulfate and sulfuric acid to give the ketone. 


e) Treat with bromine under irradiation with light to generate bromocyclohexane 
followed by treament with potassium fert-butoxide to give cyclohexene. This is followed 
by treatment with N-bromosuccinimide in СС14 under light irradiation followed by 
treatment with potassium fert-butoxide to give the 1,3-cyclohexadiene. 


f) Treat 1-bromopropane with the sodium salt of 1-propyne. 


g) Treat propyne with sodium amide to give the salt followed by iodoethane, 
followed by reduction with hydrogen over PtO». 


h) Treat 1-propanol with sulfuric acid to give propene. This is followed by reaction 
with bromine followed by treatment with sodium amide to give propyne. 


1) Treat 2-butyne with hydrogen over Pd/BaSO, catalyst to give cis-2-butene 
followed by oxidation with potassium permanganate in aqueous base (cool) to give the 
target material. 


j Treat the cyclohexyl methyl ketone with phosphorus trichloride followed by 
sodium amide to give the cyclohexylacetylene. Treat this alkyne with disiamylborane 
followed by aqueous basic hydrogen peroxide to give the 1^ alcohol followed by 
phosphorus tribromide to give the target material. 


k) Treat ethanol with phosphorus tribromide to give bromoethane. Treat another 
batch of ethanol with sulfuric acid to give ethene, followed by reaction with bromine, 
followed by treatment with sodium amide to give acetylene. Use an equivalent of sodium 
amide to give the monosalt from acetylene, and treate this salt with the bromoethane. 


1) Treat Ше cis-3-hexene with bromine followed by sodium amide to give 3-hexyne 
followed by treatment with the dissolving metal reduction of sodium in liquid ammonia. 


m) To give the cis-dideuterio compound, treat 3-hexyne with deuterium over 
Pd/BaSO, catalyst. To give the trans-dideuterio compound, treat 3-hexyne with sodium 
metal dissolving in ND;. 


n) Treat 1-butyne with sodium amide to give the salt, followed by reaction with 
iodomethane. The resultant 2-pentyne is treated with sodium dissolving in liquid 
ammonia to give trans-2-pentyne, which is then treated with methylene iodide and 
Zn(Cu) alloy. 


о) Treat calcium carbide with one equivalent of iodomethane and work-up with 
water. 
p) Treat 1-butyne with disiamylborane followed by workup with aqueous basic 


hydrogen peroxide. 


15.39-answer 


Muscalure has the structure: 


CH3(CH2)7 (СН) СНз 


C—C 
/ E 
H H 


Acetylene will be the central portion of this molecule, giving rise to the olefinic carbon 
atoms. Acetylene is first treated with sodium amide to give the monosalt which is treated 
with 1-bromotridecane. (1-Bromotridecane is generated from 1-tridecanol by treatment 
with phosphorus tribromide.) Once the initial alkylation has been accomplished, the 
terminal alkyne is treated with sodium amide to give the salt, which is then treated with 
1-bromoóctane to give the internal alkyne. (1-Bromoóctane is generated from 1-octanol 
by treatment with phosphorus tribromide.) The internal alkyne is then reduced with 
hydrogen over Pd/BaSO, catalyst to give the muscalure. 


15.40-answer 


The reaction occurs by the following mechanism: 


H,SO, 
db db | исе 
OH (H20) + 
Y 


more favored resonance 
structure 


Br 


The resonance stabilized carbocation is readily formed, with dispersal of the positive 
charge preferentially to the ends as location there involves structures with conjugated 
double bonds. Product is preferentially derived from this structure with the most highly 
stabilized charge. 


15.41-answer 


The two possible structures for C are: 


| | ) -- and 


The two possible structure for D are: 


MEN and 


Aq 


15.42-answer 


ыг ы чы. Ж 
Вг 


15.43-answer 


OH 


OH 


15.44-answer 


K 


= 
T^v 
ering 


N ШІ 
This carbon ends up as carbonate anion in the 
О 22 aqueous solution. 


15.45-answer 


Br 


O 


Q 


This species is generated as Q which readily undergoes dehydrohalogenation to give 


O 


which rapidly undergoes Diels-Alder reaction with another molecule of itself to form R. 


15.46-answer 


a) 


b) 
CO, CH, 


15.47-answer 


CHO 
5 
О 
0 он 
2 сн, 
CO, CH, 
T 


CHO 


OH 


MOLECULAR ORBITAL 
CONCEPTS IN ORGANIC 
CHEMISTRY: CONJUGATED 7 
SYSTEMS AND AROMATICITY 


16.1 INTRODUCTION 


We have now surveyed the structure, synthesis and reactions of several families of organic 
compounds. We have frequently used the valence bond theory to rationalize or even to predict 
various aspects of bonding and chemical behavior. Our explanations have depended largely on the 
use of simple Lewis structures, resonance-contributing forms, and the hybridization model. 

Nevertheless, these methods have their limitations. At times we have found it advantageous 
to turn to molecular orbital methods to provide us with an alternative model of bonding. We have 
seen that molecular orbital theory provides rationalizations and allows us to make predictions 
that at times complement, sometimes add to, and occassionally contradict conclusions made on 
the basis of the valence bond model. In this chapter we apply the molecular orbital model to 
conjugated л systems. 


16.2 THE x MOLECULAR ORBITALS OF ALKENES 


ETHYLENE 


We briefly introduced the application of the molecular orbital method to the л system of alkenes 
in earlier chapters. We begin here by reviewing some fundamental points. Consider ethylene 
(ethene), the simplest alkene. It is convenient and usual to view the carbon-carbon double bond 
as being composed of a o bond and a x bond. (Alternative models have been proposed, but they 
will not be considered here.) Using а valence-bond view of bonding, the л bond can be consid- 
ered as arising from a sideways overlap of two p orbitals containing between them a pair of 
electrons, as shown in Figure 16.1. In the valence bond view of bonding, it is the constructive 
overlap of these orbitals containing the pair of electrons that results in spreading out the 
charge over a larger region of space and thereby lowering the energy of the system. (See the dis- 
cussion of Charge Delocalization in Chapter One.) 
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Figure 16.1 Valence bond view of the x bond of ethylene. The pair of p orbitals оп 
adjacent atoms contains a pair of electrons between them. The side-to-side 
overlap creates a stabilizing interaction that constitutes the bond. 


The molecular orbital model of л bonding in ethylene begins with the same pair of parallel 
carbon p orbitals, and considers these orbitals as interacting. Actually, in this view of bonding 
we mathematically mix the atomic wave functions for the p orbitals involved, combining them 
in two different ways, and thereby generating new mathematical functions (molecular orbital 
wavefunctions) relating to the spatial characteristics and energy of any electrons that would be 
placed in those orbitals. 

The two modes of interaction of the involved wavefunctions (ways of mixing the wavefunc- 
tions mathematically) give rise to two п molecular orbitals. They are л orbitals because of the 
way we oriented the original p orbitals, side-to-side; they are molecular orbitals because each is 
associated with more than one nucleus. There are two of them because we started off using two 
p orbitals, and we never create nor do we ever destroy energy-space for electrons—we could 
accommodate four electrons initially in two atomic orbitals, we can still accommodate four elec- 
trons in the final two molecular orbitals. 

The two modes of combining the atomic orbitals can be described as additive (in phase) and 
subtractive (out of phase). The additive mode produces a molecular orbital lower in energy than 
the initial p orbitals (i.e, a bonding molecular orbital), and the subtractive mode produces a 
molecular orbital higher in energy than the initial p orbitals (і.е., an antibonding molecular 
orbital). This is shown schematically in Figure 16.2. 

In our analysis of these interactions we need to consider the phases of the orbital lobes. 
Mathematically, the separate lobes have positive and negative signs (+ and —). We have avoided 
the use of such signs here as they can be confusing (confused with electrical charge)—since we 
are really only interested in the relative phases of the orbitals (the wavefunctions), shaded or 
non-shaded will suffice. When two side-to-side orbital lobes are in phase (i.e., both shaded or 
both unshaded), we say that is a bonding type interaction, whereas when they are out-of-phase 
(one shaded and one unshaded) we say that is an antibonding interaction. 

Since there are only two m electrons in ethylene, both occupy the more stable x bonding 
molecular orbital (the aufbau principle). (Contrary to the belief of some, there was no German 
chemist or physicist for whom the aufbau principle was named—it's a German word referring to 
the systematic build-up of a total electronic configuration.) The д“ molecular orbital is occupied 
only if the ethylene molecule is energetically excited or if another electron is added to it from an 
external source to produce a radical anion. The ground state of the ethylene x molecular orbital 
system is shown in Figure 16.3. 
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FIGURE 16.2 Energy diagram for the generation of molecular orbitals from two adjacent 
and parallel atomic p orbitals. Mathematical mixing of the wave functions of 
the atomic orbitals results (via an in-phase overlap) to one molecular orbital 
that is lower in energy than the starting atomic orbitals. This orbital is 
referred to as a x bonding molecular orbital since electrons occupying it 
(rather than the atomic orbitals) will be lowered in energy, a fundamental 
definition of a bonding situation. The other molecular orbital generated in 
this process (via an out-of-phase overlap) is higher in energy than the starting 
atomic orbitals. This orbital is referred to as a л“ (antibonding) molecular 
orbital since electrons occupying it will be increased in energy compared to 
the atomic orbitals, a less stable situation. The different phases of the orbital 
lobes are indicated by shading. 


The actual shapes of л molecular orbitals can be represented in numerous (but ultimately 
equivalent) ways. Examples are shown in Figure 16.4. Some conventions stress the relationship 
of the molecular orbitals to waves. Others stress the way the initial p orbitals are combined to 
form the л molecular orbitals, that is, in-phase or out-of-phase. Still others try to show stylisti- 
cally what the shape and density of the molecular orbital is throughout space. All three types of 
representations are shown in Figure 16.4. It is also possible to produce a graphical representa- 
tion of what the molecular orbital would look like based on a quantitative computerized solution 
to the appropriate wave equation. These latter representations are usually more complex than is 
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Figure 16.3 The x electrons іп the ground state of ethylene. According to the molecular 
orbital model, x bonding is represented by the electron pair in the x 
(bonding) orbital. The transfer of each electron from an atomic p orbital to 
the bonding x molecular orbital releases ЛЕ of energy. NOTE—In this 
diagram the electrons are indicated as originating one from each of the two 
p orbitals; this is not a necessary situation and is done only to show the 
energies of the electrons prior to their consideration while being in the x 
molecular orbital. 


necessary for the types of considerations we shall be making here. In general, representations of 
the type shown in the center of Figure 16.4 will be sufficient for our considerations. 

Consider the x bonding molecular orbital of ethylene. An electron in this orbital is spread 
over a region of space above and below the plane occupied by the molecule. (We use the vehi- 
cle of saying the electron is spread over a region of space, as if it were butter on bread which 
we can make thicker or thinner on different parts of the bread by using our knife. In rigorous 
terms, the electron is not like this, but should really be consdiered a particle in very rapid motion 
over all space, spending more time in one region than another. The /imits we place on the 
orbitals are generally the 95% limits, meaning that 95% of the time the electron is moving within 
this limiting volume, but certainly can go beyond our arbitrary limits. We think of it being 
thicker in the regions where the electron spends a greater portion of its time.) The wave function 
describing this orbital has the same phase (mathematical sign) at all points above the plane, and 
the same (opposite) phase (mathematical sign) at all points below this plane. The plane occupied 
by the nuclei is therefore a nodal plane. A nodal plane is a plane in which the value of the wave 
function is zero, and thus it is devoid of electron probability density. Electrons in this orbital are 
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Ғісиве 16.4 Methods used to represent the shapes of the т and x* molecular orbitals of 
ethylene. The drawings on the left side represent the approximate shapes as 
calculated from wave functions using an approximation method discussed later. 
The center drawings are simplified representations of the atomic p orbital 
shapes and phasings that make up each of the molecular orbitals. Both kinds of 
representations are commonly used and can be regarded as qualitatively 
equivalent methods for depicting molecular orbitals. In this consideration, we 
will use the method as illustrated by the representations in the center. The 
drawings to the right side indicate the variation of the wave function, VP, along 
the carbon-carbon linkage. The electron probability densities (the likelihood of 
finding an electron at a particular point in space) correlate with the square of 
the wave function values. 


concentrated between the nuclei, but they lie above and below the nodal plane. No m electron 
density is present along the internuclear axis. 

The wavefunction describing the л* (antibonding л orbital) is of a different type. It has a 
second nodal plane that is located midway between the bonded carbon atoms and is perpendi- 
cular to the plane containing the atoms of the molecule (see Figure 16.5). In the m* antibonding 
orbital, electron density is not concentrated in the region between the two carbon atoms as it is 
in the л bonding molecular orbital. In fact, the electron density actually falls to zero at the nodal 
plane midway between the two carbon atoms. Further, were an electron to occupy this molecu- 
lar orbital, it would actually diminish the attractive interactions holding the two carbon nuclei at 
their bonding distance. 

Bonding stability is enhanced by electrons occupying orbitals allowing them to have high 
electron density (spend much time) between the nuclei that are bound. This occurs with the 
bonding molecular orbital. In contrast, having an electron in an antibonding orbital produces 
repulsive interactions resulting in there being less bonding stabilization to hold the nuclei at 
their bound positions. Having an electron occupy Ше л* orbital actually weakens the bonding 
situation. 
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Ғісиве 16.5 Nodal planes and bonding interactions of the ethylene л and д“ molecular 
orbitals. 


OTHER SIMPLE ALKENES 


All simple alkenes have л and x* molecular orbitals that are qualitatively similar to those of 
ethylene. However, there are some quantitative differences. For example, as we mentioned in 
Chapter 9, alkyl groups raise the energy of the HOMO—the x bonding molecular orbital. 
A comparison of the ionization energies of propene (224 kcal/mole) and ethylene 
(242 kcal/mole) illustrates this point. Less energy is needed to remove an electron from the 
(higher energy) HOMO of propene than from the (lower energy) HOMO of ethylene. This dif- 
ference is reflected in the relative reactivities of the two compounds. For example, when alkenes 
react with electrophiles, the initial step is the donation of electron density from the alkene п 
bond to the electrophile. Not surprisingly, the reactivities in these reactions usually correlate 
with their HOMO energies. The higher the alkene HOMO, the easier it is for electrons in the 
orbital to form a bond to the electrophile. 


Special Topic 


Molecular Orbitals and the Hückel Approach 


As might be imagined from our discussion, the mathematical elucidation of molecular orbital 
systems is not trivial. Complete consideration of such is a topic for advanced programs in physical 
chemistry, and even under the most rigorous of considerations, we are left with making mathemati- 
cal approximations in the calculation of orbital characteristics. The mathematical complexities in the 
early days of molecular orbital considerations made the topic one for only the most mathematically 
inclined and dedicated of scientists, even when looking at the simplest of molecular systems. 
Remember, this was before the advent of computers (of any kind other than the human brain), and 
even limiting oneself to considering the Т system of a molecule as simple as ethylene required the 
solution of a number of complex integrals, said solutions being only available by approximation. 
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During the 1930s Hiickel developed a set of approximations to serve for the values of these 
integrals in general situations, which allowed solutions to be made to the complex sets of equations 
with relatively little difficulty. That is, with the general approximations for the values of these com- 
plex integrals, the problem of solving for the 7t molecular orbitals involved with the interactions of 
n side-to-side interacting p orbitals could be reduced to the problem of solving a series of n simul- 
taneous equations with a maximum of 27? complex integrals (which had now been reduced to simple 
terms by Hückel's approximations). 

Hückel's approximations, some of which might seem to be quite drastic when compared to the 
physical reality of the situation, have two significant virtues: 1) they drastically simplify the mathe- 
matics of the situation such that the average undergraduate student with a knowledge of solving 
determinants can calculate energies and other characteristics for Tt molecular orbitals, and 2) they pro- 
vide answers that are amazingly in accord with reality. Hückel's approximations, as seemingly crude 
as they are, give good answers! (Beware—the approximations give good answers only if you use all of 
them—that is, errors introduced by one approximation are cancelled out by the other approximations.) 

Briefly consider what approximations Hückel used. Beginning with the LCAO approach to 
describing molecular orbitals introduced by John Lennard-Jones in 1929, Hückel made five 
approximations concerning the solutions to the types of integrals generated in the LCAO process. The 
integrals, of two types: 


* Exchange integrals, of the form 


jo, Hà, dt 


where 6, and 6,, represent the atomic (p) orbital wavefunctions for the atomic sites 
under consideration and H is the Hamiltonian operator 


* Overlap integrals of the form 


1,ф,4т 


where 6, and фи represent the atomic (p) orbital wavefunctions for the atomic sites 
under consideration are approximated by the following values: 


* The exchange integral when n and m are the same atom is given by a constant, no mat- 
ter where that atom is in the system, that is represented by the value, a. 


* The exchange integral when n and m correspond to adjacent atoms, no matter where 
those atoms are in the system, is represented by a constant value, В. 


* The exchange integral when n and m correspond to atoms that are not adjacent has the 
value of zero. 


* The overlap integral when n and m are the same atom is unity. (This is not really an 
approximation—it simply says that everything overlaps perfectly with itself.) 


* The overlap integral when п is not the same as m is zero. (NOTE— This is contrary to 
everything we consider in the valence bond approach where adjacent p orbitals must 
overlap for there to be any interaction.) 


Use of these approximations facilitates calculation of energies and other characteristics of the л 
molecular orbitals of organic molecules. As a result of these approximations, even further simplifi- 
cations are possible (without calculations) to describe the nature of the л molecular orbitals. These 
processes are described in the text and you should become familiar with them as they allow facile 
understanding of the structure, particular spectroscopic characteristics and reaction processes of л 
systems. 
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16.3 n MOLECULAR ORBITAL SYSTEMS WITH MORE 
THAN TWO ATOMIC CENTERS 


SIMPLE GUIDELINES FOR GENERATING MOLECULAR ORBITALS 


When we considered ethylene (and simple alkenes) we had only two p orbitals to use in 
generating л molecular orbitals. In order to understand the m-electron systems of conjugated 
dienes and even more complex species, we need to mix a greater number of atomic p orbitals. 
1,3-Butadiene illustrates the basic approach that is used for these more complex species. 

The x molecular orbitals of 1,3-butadiene are constructed from four parent atomic p orbitals, 
one from each of the four carbon atoms of the 
molecule. It is possible to perform the moderately 
detailed Hiickel calculations to determine the 
energies and shapes of the molecular orbitals 
generated from these atomic orbitals. However, 


Chemical Biography 


ERICH ARMAND ARTHUR HUCKEL 


b. 1896 organic chemists often use simplified guidelines 
eh Tet that rapidly provide a satisfactory pictorial view 
Ph.D. University of Zurich of the molecular orbitals and their energies. For 


(Бар) БАТ unbranced chains of carbon atoms, each with ар 


orbital available for interaction to generate 
molecular orbitals, we can summarize these 
guidelines as follows: 


* Interaction of n parallel atomic p orbitals produces п л molecular orbitals. 


* Like p orbitals, each x molecular orbital has a top and bottom separated by a (nuclear) 
nodal plane that contains the nuclei. 


* For linear open-chain molecules, the л molecular orbitals also contain 0, 1, 2, 3,. . . (up 
to n—1) nodal planes along the chain; these nodal planes are at right angles to the nuclear 
nodal plane, and we call them vertical nodes. 


* The energies of the orbitals increase with increasing number of vertical nodes. The lowest 
energy molecular orbital has no vertical nodes. The highest energy molecular orbital has 
(n—1) vertical nodes. 


* Bonding л molecular orbital energies are lower than the energy of an isolated p atomic 
orbital. Antibonding л* molecular orbitals have energies that are higher than the energy 
of an isolated atomic p orbital. 


* All molecular orbitals must be symmetric or antisymmetric with regard to the symmetry 
elements of the molecule as a whole. 


MOLECULAR ORBITALS OF 1,3-BUTADIENE 


Following the guidelines just given, we can construct four x molecular orbitals for 1,3-butadiene. 
These orbitals with their phase characteristics are shown in Figure 16.6. The relative energies of 
the molecular orbitals and the isolated atomic p orbitals from which they were generated are 
shown in Figure 16.7 along with the electron distribution for the ground state of the molecule. 
You might wonder how the placement of the nodes and bonding interactions within each of 
the molecular orbitals 1s determined. (Of course, one could do the full calculations with Hückel's 
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Figure 16.6 The x molecular orbitals of 1,3-butadiene. Vertical nodes (nodal planes) are 
indicated by the vertical dotted lines. Bonding interactions occur when adjacent 
lobes have the same phase and are emphasized by the solid lines connecting 
those lobes. The most stable orbital, labeled ли, contains no vertical nodes and 
encompasses three bonding interactions. Antibonding interactions occur when 
adjacent lobes are out of phase. Thus, orbital л; encompasses two bonding 
interactions and one antibonding interaction. Overall, m2 is considered а 
net bonding orbital because bonding interactions outweigh antibonding 
interactions. Оп the other hand, orbitals ла“ and ла“ are net antibonding orbitals. 


approximations, but we can accomplish this without going through that effort.) For example why 
did we not write for 13% a molecular orbital as shown in Figure 16.8. To answer this question we 
need to consider the last of the guidelines noted above. 


Symmetry €lements Consider a molecule in which one half is an exact mirror image of the 
other half. Such a molecule has a plane of symmetry. The plane of symmetry is a symmetry ele- 
ment. For all symmetry elements, some operation on the structure related to the symmetry element 
generates a new structure that is indistinguishable from the original structure. In this instance, the 
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Ғісиве 16.7 Energies of the x molecular orbitals of 1,3-butadiene. Two of the orbitals are 
bonding and two are antibonding. Bonding orbitals are lower in energy than 
the p orbitals from which they were generated, while antibonding orbitals 
are higher in energy. The energy diagram represents the ground state of the 
1,3-butadiene molecule—the four л electrons occupy the two л orbitals of 
lowest energy available. 


operation is reflection through a plane. Often it is possible to locate several symmetry elements in 
a molecule. In addition to, or instead of, planes of symmetry, there may be one or more axes of 
symmetry (rotation about an axis of symmetry regenerates the original structure). Figure 16.9 
depicts two symmetry elements in the cisoid conformation of 1,3-butadiene—a plane of symme- 
try and an axis of symmetry. 

Any molecular orbital we derive must have certain symmetry properties; otherwise, it is 
invalid. To be specific, the orbital must be symmetric or antisymmetric with respect to the 
symmetry elements of the molecule. To see if an orbital meets these conditions, we identify the 
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Figure 16.8 Incorrect representation of the ла“ molecular orbital of 1,3-butadiene. 
Although two nodes and one bonding interaction are present, this 
representation is invalid. 
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Aoy symmetry element А С; symmetry element 
(vertical plane of symmetry) (two-fold axis of symmetry) 
The cisoid 1,3-butadiene The cisoid 1,3-butadiene 
molecule has a plane of symmetry. molecule also has an axis 
The right-hand half is an exact of symmetry. Rotation of 


mirror image of the left-hand half. 180° about the axis regenerates 

the original structure. 

Ғісиве 16.9 Two symmetry elements of the 1,3-butadiene molecule in a cisoid conformation. 
We determine the symmetry elements present in a molecule by looking at the 
locations of the atoms and bonds. If we perform a symmetry operation on the 
molecule (reflection through a plane or rotation about an axis) and end up with 
the same types of atoms in exactly the same locations, then that operation is a 
symmetry element of the molecule. 


symmetry elements of the molecule and perform the associated symmetry operations on the orbital 
in question. If a symmetry operation converts the orbital into an identical orbital, the orbital is 
classified as being symmetric with respect to that particular symmetry element. If the orbital is 
transformed into one that is like the original in all respects except that all the phases are reversed, 
then the orbital is said to be antisymmetric with respect to that symmetry element. 

Consider again the correct та“ orbital from Figure 16.6 and the incorrect orbital from 
Figure 16.8. Both are shown again in Figure 16.10, where they are considered again in rela- 
tionship to the symmetry elements of the 1,3-butadiene molecule. 
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Figure 16.10 Analysis of correct and incorrect па“ molecular orbitals of 1,3-butadiene 
with regard to symmetry elements present in the molecule. 
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Special Topic 


Symmetry Correctness of Molecular Orbitals 


We can rationalize the requirement for correct orbital symmetry by considering the probability of 
locating an electron at a given position in a molecule. In quantum theory the square of the wave- 
function at a given location provides the probability of finding the electron there. When we take the 
square of a number, the result is always positive. Thus the square of a wavefunction has no phases. 

In a symmetric molecule like 1,3-butadiene we expect that electrons populate equally those 
regions of the molecule that are equivalent by symmetry. This requires a symmetry in the square of 
the wave function. It will be symmetric if the wave function is either symmetric or antisymmetric 
with regard to the symmetry operation, but not otherwise. 


With regard to the plane of symmetry, our correct molecular orbital (15*) is completely sym- 
metric. Considering the phases of the individual lobes, one half is an exact reflection of the other 
half. With regard to the axis of symmetry, our correct molecular orbital is antisymmetric. That 
is, after rotation we have an orbital in which all of the orbital phases are exactly reversed. For 
the incorrect molecular orbital, reflection through the mirror plane of cisoid 1,3-butadiene gen- 
erates an orbital in which some of the lobes have the same phase as they had originally while 
others are reversed in phase. The molecular orbital is neither symmetric nor antisymmetric with 
respect to the element of symmetry. The result is similar when we look at the axis of symmetry. 
Our incorrect molecular orbital is thus not in accord with our final guideline for constructing 
molecular orbitals. 


More about Nodes and Energies In the following discussion we will refer to the orbital 
representations in Figure 16.6 and the numbering system indicated for the carbon atoms of 1,3- 
butadiene as indicated in Figure 16.11. 

The four д molecular orbitals of 1,3-butadiene have different numbers of vertical nodes and 
different energies. The greater the number of vertical nodes, the higher the energy of the orbital. 
The lowest energy orbital (л) has no vertical nodes. It is bonding between all pairs of adjacent 
carbon atoms. That is, it is bonding between С1-С2, C2-C3, and C3—C4. If we remove an elec- 
tron from this orbital, the л bonding between all adjacent pairs of carbon atoms decreases. 

In contrast, до is bonding only in the regions СІ-С2 and C3-C4. It is antibonding in the 
region C2-C3. An electron in this orbital strengthens the л bonding between С1-С2 and СЗ–СА, 
but it actually weakens п bonding between C2-C3. If we remove an electron from this orbital we 
weaken С1-С2 and C3-C4 bonding, but strengthen C2-C3 bonding. 

The до orbital is the HOMO of the ground state 1,3-butadiene molecule. The remaining л 
orbitals (лз“ is the LUMO) are unoccupied in the ground state molecule. We will not discuss 


1 2 3 4 
C—C—C—C 


Ғісиве 16.11 Numbering system for carbon atoms in 1,3-butadiene for molecular orbital 
discussion. 


536 ORGANIC CHEMISTRY 


them in detail at this point. However, they could become occupied if excitation energy were 
applied to the molecule or if an electron were added from an external source. 


EXTENDED CONJUGATED д SYSTEMS 


It is relatively simple to construct the x molecular orbital pictures for conjugated systems 
larger than 1,3-butadiene using the same guidelines as we used previously. Consider the 1,3,5- 
hexatriene л system. 

Because we start with six atomic p orbitals, we generate six л molecular orbitals. Of these 
molecular orbitals, the one with the lowest energy has no vertical nodes, and the one with high- 
est energy has five vertical nodes. Placing the nodes symmetrically along the chain of carbon 
atoms (to assure correct symmetry), we generate the six orbitals as shown in Figure 16.12. 


16.4 CONJUGATED IONS AND RADICALS 


We will now consider the delocalization of л electrons in radicals and ions. Allylic systems pro- 
vide particularly simple examples. The allyl cation (H;/C-CH-CH»?) was introduced earlier in 
Chapter 12 during the discussion of the relatively high reactivity of allyl halides in Syl reac- 
tions. We can correlate the facility of this reaction with the special stability of an allylic cation. 
In this type of reaction, the more stable is the carbocation, the faster it forms. According to the 
valence bond model, the special stability of an allylic cation can be associated with the contri- 
bution of two resonance structures to its total picture, as shown in Figure 16.13. Like allylic 
cations, allyl radicals (Н>С=СН-СН,`) and allyl anions (Н;С-СН-СН:”) also have particular 
stabilities. 

The molecular orbital model gives useful insights into the structure and stability of allylic 
radicals and ions. In each instance we construct the л orbitals from carbon 2p orbitals, one from 
each of the three involved carbon atoms. Following the guidelines given earlier, there can be 
constructed three л molecular orbitals, which are shown in Figure 16.14. These three л molec- 
ular orbitals are common to the cation, radical and anion. 

Of the three molecular orbitals, x; is a bonding orbital, тә is a nonbonding orbital (no bond- 
ing or antibonding interactions between adjacent lobes), and лз“ is an antibonding orbital. To 
determine which of these orbitals are occupied in the cation, radical and anion, we must count 
the x electrons involved. There are two for the allyl cation, one more (three) for the allyl radi- 
cal, and an additional one (four) for the allyl anion. The distributions of these x electrons for the 
three species are shown in Figure 16.15. 

Knowing the nodal characteristics for the orbitals, we can understand the cationic, radical and 
anionic character of the three species. First, consider the allyl cation. To “neutralize” its positive 
charge we would need to add an electron. This electron would be added to the lowest energy site 
available, which is the до (nonbonding) molecular orbital. In this way we see that the deficiency 
in electrons providing the cation with its positive charge lies in ло. The location of positive charge 
in the allyl cation is determined by the nature of до. The electron deficiency that gives the allyl 
cation its “cationic characteristic" is in 75 The nodal characteristics of до are such that the wave- 
function (and thereby the square of the wavefunction—the electron density) goes to zero at the 
central carbon site. It follows that the positive charge associated with the allyl cation is located 
only at the terminal carbon atoms, as is shown by the representation in Figure 16.16. This 
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Ғісиве 16.12 The six x molecular orbitals of the 1,3,5-hexatriene molecule. The orbitals 
increase in energy from ла through ле“. Nodes are indicated Бу the vertical 


dotted lines, and bonding interactions by the broad horizontal lines 
connecting the interacting orbitals. 
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(resonance contributing forms for the allyl cation) 


> + + 
H,C=CH—CH,—Br ——> [H,C— CH—CH, <—— H,C—CH=CH,] 


+ Br 
Ғісиве 16.13 Formation and stabilization of the allyl cation. Although the allyl cation 
may appear to be a primary carbocation, it is actually highly stabilized. The 
positive charge is not localized on one carbon, but is delocalized partially to 


a site two carbons away. Delocalization provides stabilization for the charge, 
and thus for the carbocation. 
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Figure 16.14 The x molecular orbitals appropriate for the allyl cation, allyl radical and the 
allyl anion. 
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prediction from the molecular orbital considerations is in total agreement with experimental 
observations, as well as the predictions of the valence bond (classic resonance) model. 
Experimentally, we find that nucleophiles attack the allyl cation equally at each terminal carbon 
atom, and only the terminal carbon atoms. The experimental findings thus show that both models 
have useful predictive capabilities. 
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FicuRE 16.15 The x electronic configurations for the allyl cation, allyl radical and allyl 
anion. The abbreviation SOMO refers to singly occupied molecular orbital. 
We use this term rather than HOMO when the highest energy occupied 
orbital contains a single electron. 


1/2+ 1/24 
HC —C —CH; 


H 


FiguRE 16.16 Charge distribution in the allyl cation. The charge is equally distributed 
between the two terminal carbon atoms. The central carbon atom has no 
net charge associated with it. 


If we consider the allyl radical, we again find that experiments demonstrate that radical char- 
acter is distributed equally at the terminal carbon sites. Using the molecular orbital model we 
see that the unpaired electron of the allyl radical is located in ло, the wavefunction of which goes 
to zero at the central carbon site. It has non-zero characteristics only at the terminal carbon 
atoms, and we both predict and find experimentally radical character to be located equally at 
those two terminal sites. Moreover, we can come to the same conclusion with the valence bond 
resonance considerations as illustrated in Figure 16.17. 
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Figure 16.17 The allyl radical. The distribution of unpaired electron density predicted by 
molecular orbital considerations (shown at the left) is equivalent to that 
predicted by valence bond resonance considerations (shown on the right). 


Similarly, addition of a second electron to т» to produce the allyl anion results in negative 
charge being equally distributed between the two terminal carbon atoms, with zero negative 
charge located at the central carbon atom. This again is in total agreement with experimental 
observations. 


16.5 SIGNIFICANCE OF THE MOLECULAR 
ORBITAL MODEL 


It might be asked, that since we can come to similar conclusions about the nature of allyl 
cations, radicals and anions using either the molecular orbital or valence bond models, why do 
we bother with the molecular orbital model and its complexities. The answer is that the valence 
bond model does not provide rationale for numerous other experimental observations whereas 
the molecular orbital model does provide rationale. 

For example, we observe with molecules containing л systems that they absorb energy in the 
form of light to excite electrons. We can determine the magnitude of the energy difference 
between HOMO and LUMO by observing the energy of light absorbed for such an electronic 
excitation. Valence bond considerations say nothing about the magnitude of the HOMO-LUMO 
gap, or even that such an energy gap exists. We can see clearly from the molecular orbital model 
that not only does such a gap exist, but we can calculate an anticipated value for this gap. As we 
extend the conjugated system, we note that the magnitude of the HOMO-LUMO gap decreases. 
This is in fact the experimental observation. While ethylene absorbs light in the vacuum ultra- 
violet (energy higher than the “normal” ultraviolet region of the electromagnetic spectrum, that 
where molecules in air would absorb the light), 1,3-butadiene absorbs a lower energy light in the 
“normal” ultraviolet region (215 nm wavelength). As we increase the length of the conjugated 
system, we observe that the wavelength of light absorbed in exciting an electron from the 
HOMO to the LUMO continually increases (lower energy is required) until ultimately it falls in 
the visible region of the electromagnetic spectrum. 

Another incidence of the molecular orbital model providing answers that are not provided by 
valence bond considerations is found in photoelectron spectrometry. In photoelectron spectrom- 
etry the molecule is irradiated with high energy electromagnetic radiation, of sufficiently high 
energy to excite electrons from orbitals lower in energy than the HOMO out of the molecule. That 
is, energy is put in to ionize the molecule. In this way the energies of the orbitals containing the 
electrons within the molecule can be measured. For example, with 1,3-butadiene by photoelec- 
tron spectrometry we can see that the two т bonds are not equivalent in energy. (The valence bond 
model makes no consideration of energy differences in the two л bonds.) We will see other virtues 
of the molecular orbital model as we continue our excursion through organic chemistry. 
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16.6 THE BENZENE PROBLEM 


EXPERIMENTAL OBSERVATIONS 


Consider the substance known as benzene, of formula СоНб. Benzene is a compound that can 
be isolated from distillates of petroleum. Its chemical characteristics were known very early in 
the history of organic chemistry, long before bonding theories were developed. The molecular 
formula of СН, was early determined, one for which several structures might be considered and 
having a total of four degrees of unsaturation (rings and/or т bonds). A variety of experimental 
results indicated that the benzene molecule has six equivalent carbon atoms joined in a planar 
ring. The six hydrogens are attached one to each of the six carbon atoms, again all lying in the 
same plane. It is a molecule of twelve atoms, all lying in the same plane. A structure may be 
drawn for benzene (originally provided by Keküle) as shown in Figure 16.18. 

However, if we take this representation too seriously, we quickly run into difficulties in 
explaining other experimental observations. For example, (noted long after Keküle) all of the 
carbon-carbon bond distances are found to be the same. This is not consistent with the alternat- 
ing single and double bonds shown in the structure in Figure 16.18; we would expect double 
bonds to be shorter than single bonds. This fundamental nature of benzene was observed early 
in the consideration of the nature of this intriguing molecule because the structure as written is 
at odds with experimental observations of disubstituted benzene derivatives. Consider the struc- 
ture of 1,2-dibromobenzene. The valence bond structure we have written leads us to think that 
two isomers of 1,2-dibromobenzene should exist, as shown in Figure 16.19. 

There is a subtle difference between the two structures shown in Figure 16.19. In the right-hand 
structure the bromines are located on a pair of carbon atoms that are connected by a single bond. 
In the left-hand structure these bromines are attached to a pair of carbon atoms that are connected 
by a double bond. In fact, no one had ever been able to isolate two separate 1,2-dibromobenzenes. 
Only one substance has ever been identified in which bromine atoms are substituted at adjacent 
positions of a benzene ring. 
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FIGURE 16.18 Valence bond representation of benzene. All twelve of the atoms of the 
benzene molecule (six carbons and six hydrogens) lie in the same plane. The 
valence bond representation indicates alternating single and double bonds 
about the carbon ring. We would consider each of the carbons as being sp? 
hybridized. This is often referred to as a "Keküle structure" for benzene. 
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Figure 16.19 Two valence bond representations of 1,2-dibromobenzene. Using the valence 
bond representations for benzene, we anticipate the existence of two isomers 
of 1,2-disubstituted benzene derivatives. However, only one structure actually 
exists. 


2--Оев 


Figure 16.20 Resonance structures of benzene. The two structures on the left represent 
energetically equivalent resonance hybrid structures of benzene. The 
structure on the right, with a circle in the hexagon, represents the average 
of the two structures shown on the left; we often use this representation for 
benzene. 


Lewis structures and valence bond representations can provide us an explanation of this 
dilemma. We write the benzene molecule as a resonance hybrid of two energetically equivalent 
resonance structures, as shown in Figure 16.20. Thinking of benzene as a resonance hybrid of the 
structures shown in Figure 16.20, we can see that all of the carbon-carbon linkages of the ring are 
equivalent. Moreover, we would anticipate that only one 1,2-dibromobenzene would exist since 
the two structures shown in Figure 16.20 are only contributing forms of a single molecule. 

Chemists often use either one of the classical (Keküle) *cyclohexatriene" structures or the 
average structure to represent benzene and its derivatives. When one of the classical structures 
is used, the reader is expected to understand that it is used only for simplicity. A better descrip- 
tion (but one taking more time and effort) would be one in which both structures were written 
as a resonance pair. 

The valence bond description of benzene indicates that it is a cyclic conjugated triene. 
However, the actual properties of benzene are actually quite different from those of other com- 
pounds containing more than one carbon-carbon double bond. For example, compare benzene 
with ordinary alkenes and cycloalkenes, and even conjugated species such as 1,3-butadiene or 
1,3,5-hexatriene. All of these molecules undergo addition of bromine quite readily. However, 
benzene does not undergo bromine addition readily. In fact, bromine/carbon tetrachloride or 
bromine/water reagents have no effect on benzene. For comparison, several reaction systems are 
shown in Figure 16.21. 
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FIGURE 16.21 Reactions with bromine in carbon tetrachloride. Both cyclohexene and 1,3- 
cyclohexadiene react readily with bromine/carbon tetrachloride to give 
bromine adducts. Benzene, however, does not react at all under these 
conditions. The behavior of benzene is quite different from that of other 
ordinary unsaturated molecules. 
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РсовЕ 16.22 Bromine substitution reaction with benzene. 


Benzene does react with bromine if more forcing conditions and Lewis acid catalysts are 
used. However, the reaction is a substitution reaction—bromine replaces one of the hydrogens 
attached to the ring to form bromobenzene, C;HsBr, as shown in Figure 16.22. (We will discuss 
this type of reaction and its mechanism in Chapter 18). 

In our earlier discussions we found that addition reactions are common with carbon-carbon 
double bonds. However, with benzene and its derivatives addition reactions occur only rarely or 
under forcing conditions. Instead, substitution reactions dominate their chemistry. The system 
of conjugated double bonds of benzene and its derivatives remain intact in these substitutions. 
We infer from these observations that there is a special stability associated with the system of 
three conjugated double bonds in a six-membered ring. 

In Chapter 10 we saw that measurement of heats of hydrogenation provided information 
about the relative stabilities of unsaturated compounds. We can also learn about the stability of 
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benzene, relative to particular compounds containing л bonds, using these thermochemical 
measurements. There are some experimental difficulties associated with making these measure- 
ments for benzene. Hydrogenation is an addition reaction, and benzene is resistant to 
hydrogenation with the ordinary catalysts commonly used with alkenes and ordinary polyenes. 
However, at higher temperatures and pressures, or with the use of special catalysts (e.g., РЕО; in 
the presence of a strong acid), benzene does add hydrogen to form cyclohexane, and thermo- 
chemical measurements can be made. 

The heat of hydrogenation of benzene is striking in comparison to that of ordinary alkenes. 
It has a remarkably low value, even less than that of 1,3-cyclohexadiene, which has only two 
double bonds. For ordinary polyenes, the heat of hydrogenation is approximately in proportion 
to the number of double bonds. Some pertinent values are given for comparison in Table 16.1. 

Although benzene formally has three double bonds, its heat of hydrogenation is less than that 
of 1,3-cyclohexadiene, which has only two double bonds. If benzene were a normal polyene we 
would anticipate its heat of hydrogenation to be approximately 85 kcal/mole (i.e., 3 x 28.6 
kcal/mole). 

These measurements confirm the special stability of the x-electron system of benzene, which 
is quite consistent with the tendency of benzene to undergo substitution reactions rather than 
addition reactions. In substitution reactions the integrity of the benzene л system is apparently 
not disturbed. An addition reaction would convert benzene into a cyclic diene, and its special 
stability would be lost. In the next sections we will explore the origin of this special stability and 
consider other cyclic л systems to see if they too have special properties. 


Mone ABOUT THE VALENCE BOND VIEW or BENZENE 
AND OTHER CYCLIC CONJUGATED POLYENES 


The contributing resonance structures shown in Figure 16.20 describe the benzene molecule 
using valence bond concepts. The actual benzene molecule is expected to be more stable than 
would be indicated by either of the resonance structures alone. Thus, valence bond concepts do 
predict a special stabilization for benzene. 

However, when we attempt to make obvious extensions of the valence bond argument we 
find serious difficulties. For example, consider the molecule 1,3,5,7-cycloóctatetraene (COT) 
(16.1). For quite some time cycloóctatetraene was considered an intriguing system with the pos- 
sibility of being some sort of "super" benzene, a larger ring than benzene with four double bonds 
in the ring. (More is better, right. . . . 2) Unfortunately, unlike benzene, cycloóctatetraene was 
not available from petroleum distillates, or directly from any other system in nature. Thus, the 
preparation of cycloóctatetraene from available materials was a major synthetic challenge that 
its characteristics might be investigated. 


TABLE 16.1 Heats of Hydrogenation of Benzene and Structurally Related Alkenes 


(kcal/mole). 
Compound Heat of Hydrogenation (kcal/mole) 
Cyclohexene 28.6 
1,3-Cyclohexadiene 55:7 


Benzene 49.8 
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cycloóctatetraene 
16.1 


In 1911-1913, the German chemist Richard Wilstátter and his American student, Richard 
Heidelberger, accomplished the first synthesis of cycloóctatetraene using a starting material 
derived from a plant source. (The synthetic route Wilstátter and Heidelberger used is quite 
ingenious and is considered in detail in Chapter 20). Once synthesized, the question to be 
answered was: would the four double bonds of cycloóctatetraene resist addition reactions and 
exhibit particular stability—would four conjugated bonds in an eight-membered ring behave 
like three conjugated bonds in a six-membered ring? 

The answer proved to be a resounding NO! Cycloóctatetraene is decidedly not an eight- 
carbon analogue of benzene. For example, cycloóctatetraene undergoes halogen addition 
reactions typical of ordinary alkenes. Similarly, hydrogenation occurs at ordinary temperatures 
and pressures as it does with simple alkenes. Cycloóctatetraene requires no special reaction con- 
ditions or catalysts to add hydrogen and form cycloóctane. Moreover, it was later determined, 
cycloóctatetraene is not a planar molecule as benzene is. Instead, cycloóctatetraene adopts a tub 
conformation, as shown in Figure 16.23. In this conformation side-to-side interaction of the 
п bonds is severely limited. Thus, cycloóctatetraene does not have a highly delocalized m sys- 
tem. Its carbon-carbon bonds are not all the same length; instead, they alternate double, single, 
double. . . about the ring. 

Following the usual practice of valence bond theory, we could write two cycloóctatetraene 
resonance structures that would differ only in the placement of the double bonds. By analogy 
with benzene, we would then expect all of the carbon-carbon linkages to be equivalent and inter- 
mediate between single— and double-bond character. However, since experiments show that the 
carbon-carbon bonds of cycloóctatetraene are not all equivalent, it is inappropriate to consider 
such resonance structures. There is a fundamental difficulty here. Nothing inherent in the 
valence bond model tells us that cycloóctatetraene should be different in this way from benzene, 
but in reality they are quite different. 

An even greater difficulty arises when we apply valence bond concepts to 1,3-cyclobutadiene. 
This molecule is the antithesis of benzene. It is so reactive that it can be studied only under con- 
ditions in which collisions with other molecules are severely limited. (We can look at physical 


FIGURE 16.23 The tub conformation of cycloóctatetraene. There is no interaction between 
adjacent л bonds. Each л bond acts as an isolated alkene linkage. 
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Figure 16.24 Valence bond representation of cyclobutadiene. Based on the two resonance 
structures, we would anticipate that all C-C bonds of cyclobutadiene would 
be identical with a bond order of 1.5. Furthermore, there is usually a 
correlation between stability and the number of resonance structures that 
can be written. However, by experiment we find that cyclobutadiene is very 
reactive, and that the C-C bond lengths are not identical. 


and chemical characteristics of cyclobutadiene when it is isolated in a frozen and inert matrix at 
very low temperatures or when it is in a highly rarefied gaseous state.) The behavior of cyclobu- 
tadiene is not at all in accord with the characteristics predicted by the valence bond model, 
structures relating to which are shown in Figure 16.24. 

The valence bond model gives us an incorrect view of the cyclobutadiene molecule. Clearly, 
we are not able to understand the nature of cyclic conjugated п systems using a valence bond 
approach. Can the molecular orbital model give us better answers? 


A MOLECULAR ORBITAL APPROACH TO BENZENE 
AND OTHER CYCLIC POLYENES 


We will start by comparing the л orbital energies of open-chain conjugated polyenes with those 
of their cyclic counterparts. We will assume (initially) that the cyclic species take on a planar 
conformation that allows the p orbitals maximal side-to-side interaction. In this way we hope to 
discover why benzene adopts this geometry while cycloóctatetraene does not. Moreover, we 
hope to discover why benzene has a special stability while cycloóctatetraene and cyclobutadi- 
ene do not. 

We will also introduce a useful pictorial approach for comparing the energies of т orbitals 
of 1,3-butadiene and 1,3-cyclobutadiene. (There are other, mathematically more rigorous meth- 
ods for computing energies, but they are deferred until advanced courses.) Imagine that each т 
orbital of 1,3-butadiene can be transformed into an orbital of 1,3-cyclobutadiene by bringing 
together the termini of the carbon chain. (We will ignore the detailed nature of the o bonds at 
these atoms, including the removal of two hydrogen atoms) and concentrate on the т orbitals 
alone.) 

Consider first the most stable 1,3-butadiene л molecular orbital (тт). If we bring the termini 
together we generate an additional bonding interaction that is expected to stabilize the orbital. 
This transformation is illustrated in Figure 16.25. 

Suppose we perform the same type of transformation with the next л molecular orbital (ло) 
of 1,3-butadiene. (This orbital is the HOMO of the ground state 1,3-butadiene molecule.) This 
transformation generates a new antibonding interaction that was not present in the original 
molecular orbital. The resultant 1,3-cyclobutadiene molecular orbital is destabilized relative to 
that of the starting open-chain system, as illustrated in Figure 16.26. 
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Figure 16.25 Transformation of 1,3-butadiene л; orbital into a cyclobutadiene т molecular 
orbital. If we twist the four-carbon chain to bring the 1- and 4-carbons 
together, we generate a new bonding interaction. The л; 1,3-butadiene 
molecular orbital incorporates three bonding interactions, while there are 
four such bonding interactions in the resultant 1,3-cyclobutadiene molecular 
orbital. The resultant 1,3-cyclobutadiene molecular orbital is lower in energy 
(more stable) than its open-chain counterpart. 


We can repeat this procedure with the remaining two molecular orbitals of 1,3-butadiene. In 
each instance we determine whether a new bonding or a new antibonding interaction is gener- 
ated by the transformation, and thus whether the transformed molecular orbital is stabilized or 
destabilized relative to the starting open-chain orbital. These transformations are summarized in 
Figure 16.27. 
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FIGURE 16.26 Transformation of 1,3-butadiene m; orbital into a cyclobutadiene л molecular 
orbital. Bringing the orbital lobes at the 1- and 4-carbons together generates 
a new antibonding interaction. The molecular orbital of the cyclobutadiene 
species is thus destabilized relative to the corresponding orbital of the open- 
chain structure. The cyclic molecular orbital has two nodes, whereas the 
open-chain molecular orbital has only one node. For the cyclobutadiene 
molecular orbital there are two bonding and two antibonding interactions. 
Overall, this is a non-bonding molecular orbital. 


Quantum mechanical calculations on the molecular orbitals of the cyclobutadiene and 1,3- 
butadiene molecules confirm the qualitative treatment just given. However, they indicated that the 
amounts of stabilization and destabilization are not equal. The destabilization of тә is greater than 
the stabilization of т. Thus, cyclobutadiene is predicted to have less m-bonding stabilization than 
does 1,3-butadiene. That is of course consistent with the reactivity of 1,3-cyclobutadiene that is 
found by experiment. 
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FIGURE 16.27 Transformation of л molecular orbitals of 1,3-butadiene and cyclobutadiene. 
New interactions result from bringing together the termini of the open-chain 
molecular orbitals. Depending on whether these interactions are bonding or 
antibonding, the resultant cyclobutadiene orbitals are lowered or raised in 
energy compared to the initial open-chain orbitals. Only one m-bonding 
molecular orbital and a pair of degenerate nonbonding orbitals are predicted 
for the cyclobutadiene molecule. This result suggests a reactivity for 
cyclobutadiene that is very different from that for the open-chain 1,3- 
butadiene molecule. 


Now, let's apply the orbital transformation approach to the 1,3,5-hexatriene/benzene system. 
The x molecular orbitals of the 1,3,5-hexatriene molecule are shown in Figure 16.12. When we 
bring together the termini of each molecular orbital and allow them to interact we generate six 
new 7 molecular orbitals that represent the orbitals of benzene. Again, there are stabilizations 
and destabilizations, depending on the nature of the additional interactions. The end result is 
shown in Figure 16.28. 
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FIGURE 16.28 Transformation of л molecular orbitals of 1,3,5-hexatriene into benzene 
molecular orbitals. When the termini of the 1,3,5-hexatriene molecular 
orbital system are brought together, new interactions result. In some 
instances these interactions are stabilizing and in others they are 
destabilizing. The result is a set of molecular orbitals that describe the 
benzene system. 


For the 1,3,5-hexatriene transformation two orbitals containing four electrons are stabilized 
while only one orbital containing two electrons is destabilized. Calculations show significant 7 
stabilization for benzene compared to 1,3,5-hexatriene. This л stabilization rationalizes the 
observed special stability of benzene and the differences in its observed chemistry compared to 
the open-chain polyene. 

The relative л stabilization or destabilization of a cyclic conjugated system and its open- 
chain counterpart can always be predicted using the orbital transformation method. If equal 
numbers of electrons are stabilized and destabilized upon transforming from the open-chain to 
the cyclic system, then the cyclic system is less stable than is the open-chain system. However, 
if more electrons are stabilized than are destabilzied in the transformation, then the cyclic sys- 
tem will be more stable than the open-chain system. 
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The orbital transformation method always makes correct predictions about the following 
properties of the orbitals of cyclic molecules: 


* the number of nodes 
* the energy relative to its open-chain counterpart 


+ any degeneracies (orbitals with the same numbers of nodes are degenerate) 


At times, as with cyclobutadiene, the method directly gives the proper symmetry-correct 
orbitals of the cyclic molecule. However, the method at times generates an orbital that is not 
symmetry correct when the terminal lobes of the open-chain molecule are brought together. If 
this happens, the orbital must be adjusted to make it symmetry correct. Therefore, always 
inspect the orbital you draw following the transformation algorithm. If it is symmetry correct for 
the cyclic structure, leave it as it is. If itis not symmetry correct, look for lobes that have a bond- 
ing interaction with one neighboring lobe and an antibonding interaction with the other adjacent 
lobe. We construct symmetry correct orbitals in these instances by eliminating the lobes of this 
type, i.e., replacing the lobes at that carbon by nodes. 

Consider the same type of transformation for the cycloóctatetraene molecule, starting with the 
п molecular orbitals of 1,3,5,7-octatetraene. Starting with the orbitals determined for the 1,3,5,7- 
octatetraene, we can generate eight molecular orbitals for the planar cycloóctatetraene species. 
The orbital energies are shown in Figure 16.29. The x molecular orbital model for planar cycloóc- 
tatetraene is quite similar to that for cyclobutadiene. Equal numbers of л electrons are stabilized 
and destabilized on transformation from the open-chain 1,3,5,7-octatetraene to the planar 
cycloóctatetraene. In this situation, our calculations show a net destabilization of the cyclic struc- 
ture compared to the open-chain structure. In order for the cyclic system to be more stable than 
Ше open-chain one, more л electrons must be stabilized than are destabilized. 

To summarize, the molecular orbital model makes predictions about the stabilities of planar 
cyclic polyenes. It predicts the x electrons of planar cyclobutadiene and cycloóctatetraene to be 
destabilized relative to their open-chain counterparts, but those of planar benzene to be stabi- 
lized relativce to those of 1,3,5-hexatriene. 

Experiments show that the actual cycloóctatetraene molecule is not planar. Rather, it adopts a 
tub conformation that was shown in Figure 16.23, thereby avoiding the planar geometry that would 
result in л destabilization. In the tub conformation it is not possible for all eight p orbitals to be 
planar simultaneously. Thus, cycloóctateetraene has four isolated double bonds and thereby avoids 
the destabilization predicted by the molecular orbital model for a planar m-delocalized structure. 

Because of its smaller ring, cyclobutadiene can not so easily twist away from planarity. 
Cyclobutadiene thus is less able to avoid the destabilizing effects of conjugation and is found to 
be very reactive. Even so, experiments suggest that the interaction of the p orbitals in cyclobu- 
tadiene is limited. For example, the molecule is not square but rectangular, with isolated single 
and double bonds of unequal lengths. 


16.7 AROMATICITV 


DEFINITION OF TERMS 


Long before the development of molecular orbital theory, chemists recognized that benzene and its 
derivatives were special—they exhibited unusual types of reactivity and unusual stability. Chemists 
originally referred to benzene and its derivatives as aromatic because of the characteristic odors of 
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Figure 16.29 Transformation of 1,3,5,7-octatetraene x molecular orbitals into planar 
cycloöctatetraene. The method of bringing together the termini of the 
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open-chain system is used. 


the first examples isolated from petroleum distillates and plants. As an understanding of the bond- 
ing in organic molecules progressed, the word aromatic came to describe the special stability of 


Та“ 
8 nodes 


Ту“, те“ 
6 nodes 


75, T4 
4 nodes 


73 По 
2 nodes 


T, 
0 node 


benzene and its derivatives. Today we still use the term aromatic, but define it in new terms: 


* aromatic—characteristic of a fully conjugated, completely planar, cyclic л system that is 


more stable than its open-chain counterpart. 


We also define the term antiaromatic: 


* antiaromatic—characteristic of a fully conjugated, completely planar, cyclic т system 


that is Jess stable than its open-chain counterpart. 
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Special Topic 


Tri-tert-butylazete 


Chemists at the Max Planck Institute in Mullheim, Germany, have succeeded in preparing tri-fert- 
butylazete, a stable nitrogen analogue of cyclobutadiene. 


(CH3)3C C(CH3)3 (CH3)3C C(CH3)3 


(CH3)3C (CH3)3C 


Like cyclobutadiene, tri-tert-butylazete has a cyclic array of four л electrons. The German 
chemists found that the tri-tert-butylazete exists as an equilibrium mixture of two rectangular isomers 
that have distinct long and short bonds. There is no x delocalization of electrons as there is in ben- 
zene. If there were, these two structures would be resonance-contributing forms rather than structures 
in equilibrium, and we would not find distinct long and short ring bonds. The tri-tert-butylazete mol- 
ecule might be anticipated to have a high reactivity like that of cyclobutadiene. For example, even in 
the absence of other reagents, cyclobutadiene reacts with itself to form two dimers. However, it 
appears that the bulky tert-butyl groups prevent two molecules of tri-tert-butylazete from approach- 
ing one another sufficiently close for dimerization to occur. The use of bulky groups to prevent the 
close approach of molecules is a useful general strategy in preventing dimerization of highly reactive 
compounds. 


THe Ндскеі RuLe 


How can we quickly tell if a planar, cyclic conjugated л system will be aromatic or antiaromatic? 
Our analysis of three cyclic л systems indicates a periodicity in aromaticity and antiaromaticity 
with increasing ring size. (The planar four-membered cyclobutadiene ring is antiaromatic, the 
planar six-membered benzene ring is aromatic, and the eight-membered cycloóctatetraene ring is 
indicated to be antiaromatic, if we could actually get it to be planar.) 

We earlier discussed the work of the German physical chemist, Erich Hückel, and his 
approximations for considering the molecular orbital calculations of л systems. Following from 
his work, which was expanded and considered in greater detail by others over several decades 
following his primary publication, this periodicity was explained in terms of several simple cri- 
teria that would render a system as having special relative stability (aromaticity). These criteria 
are summarized below: 


* There must be a cyclic п system with an atomic p orbital at each atom of the ring. 


* Allatoms of the ring must lie in the same plane, allowing all of the p orbitals to be parallel 
simultaneously. 


+ There must be present in the cyclic л system (4n + 2) electrons, where n is an integer (0, 1, 
2) 
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We will consider several arrays of contiguous p orbitals in this section. It will become apparent 
that each of the structures may or may not be aromatic depending solely on the number of elec- 
trons contained in the m system. Only if there are (4n + 2) т electrons (where л is zero or a 
positive integer) can the molecule be aromatic. For example, a system with 18 п electrons could 
be aromatic, because 18 can be expressed by (4n + 2) where n = 4. However, a system with 16 
п electrons can not be aromatic. It must be stressed that if any atom of the ring does not have а 
free p orbital that can contribute to the л system, the molecule can not be aromatic, even if it 
does contain the requisite (4n + 2) п electrons. For example, the molecule cycloheptatriene 
(Figure 16.30) can not be aromatic even though, like benzene, it contains 6 л electrons; every 
atom of the ring structure does not bear a free p orbital, and thereby is not a true continuous 
cyclic л system. 

Of the three cyclic molecules we considered earlier in this chapter (cyclobutadiene, benzene 
and cycloóctatetraene), only benzene has the requisite (471-2) л electrons. The other two have 
(Ап) п electrons. Molecules that meet the first two Ниске! conditions but have (Ап) л electrons 
are, if planar, less stable than their open-chain counterparts. That is, they are antiaromatic. Given 
these conditions for aromatic character, we can make a number of predictions about species 
other than those we have already discussed. For example, we can consider cyclic conjugated 
polyenes that are larger than any we have discussed thus far. Moreover, we can consider ions 
that might meet the conditions of aromaticity. What kind of behavior do such species actually 
exhibit? Let us look at experimental results for both types of species in some detail. 


AROMATIC IONS 


The Dianion of Cycloóctatetraene Earlier we concluded that a planar cycloóctate- 
traene molecule was less stable than than its open chain counterpart, 1,3,5,7-octatetraene. Now 
consider adding another electron pair to the x molecular orbital system of both the open-chain 
and the cyclic species. Each is now a 10 m electron species, as illustrated in Figure 16.31. 

The transformation from the 1,3,5,7-octatetraene dianion to the cycloóctatetraene dianion 
results in a net m stabilization. Six electrons become located in more stable orbitals, while only 
four become located in less stable orbitals. Thus, the planar dianion of cycloóctatetraene is more 


Figure 16.30 Cycloheptatriene. Although the ring system contains six x electrons, it is not 
aromatic. Carbon atom #7 is sp? hybridized and therefore has no free p 
orbital that can overlap with the p orbitals of carbon atoms 1 and 6. 
Cycloheptatriene is a conjugated л system, with stabilization much like that 
of 1,3,5-hexatriene, but is not aromatic. 
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Ғісиве 16.31 The x molecular orbital structure of the 1,3,5,7-octatetraene dianion and the 
cycloóctatetraene dianion. The molecular orbital structures are the same as 
shown in Figure 16.29. The fundamental difference is the number of 
electrons associated with each species. The neutral species have only 8x 
electrons while the dianions each have 107 electrons. 


stable than the corresponding open-chain system. On this basis we predict the cycloóctatetraene 
dianion to be aromatic. 

The observed properties of the cycloóctatetraene dianion are consistent with an aromatic 
structure. It is significantly different from cycloóctatetraene itself. It is also notable that the 
dianion can be prepared with relative ease. Its formation by the reaction of cycloóctatetraene 
with potassium metal is shown in Equation 16.1. 
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2 К+ 
+2 ---- 


The ease of formation of the cycloóctatetraene dianion is an indication of its relative stabil- 
ity. It is quite difficult to prepare dianions of most other hydrocarbons, particularly in the form 
of stable alkali metal salts. One most significant demonstration of the aromaticity of the cycloóc- 
tatetraene dianion is its planar structure (remember that the parent cycloóctatetraene is tub 
shaped). Finally, notice that the cycloóctatetraene dianion fits the third criterion for aromatic 
character (as well as the first two) by having 10m electrons, (4142) where n = 2. 


(Eq. 16.1) 


The Monoanion of Cyclopentadiene Cyclopentadiene (16.2) is a conjugated diene 
that is held in a cisoid conformation by the remaining methylene group of the ring system. It 
does not have an unhybridized p orbital at every atom of the ring (the СН; group insulates the 
two ends of the conjugated л system from being a true cyclic л system), and thus can not be an 
aromatic system. However, if we remove a proton from the methylene group of cyclopentadiene 
we produce the cyclopentadienyl anion, С)Н5, in which а p orbital at each atom of the ring 15 
available for participation in a cyclic x system. We can envision the x molecular orbitals for this 
species by transforming the open-chain pentadienyl orbitals, as shown in Figure 16.32. In the 
transformation of the pentadienyl anion into the cyclopentadienyl anion, four electrons are 
stabilized and only two are destabilized. The cyclopentadienyl anion thus represents a more sta- 
ble л system than does the corresponding open-chain system, the pentadienyl anion. We thus 
predict that the cyclopentadienyl anion would be aromatic. 


H 
Ж 


Н 
FN 
WN Ун 


/\ 
H H 


cyclopentadiene 
16.2 


Experimentally, a special stability is found to be associated with the cyclopentadienyl anion. 
We can generate the cyclopentadienyl anion by the treatment of cyclopentadiene with a moder- 
ately strong base, as shown in Equation 16.2. 


H H H H 


K* "OC(CH3), С) 
Ум— > K* 


(Eq. 16.2) 


CHAPTER 16 + MOLECULAR ORBITAL CONCEPTS IN ORGANIC CHEMISTRY 557 


да“ 


nonbonding 


T3 
T? 


T, 


Energy 


(Continued) 


558 ORGANIC CHEMISTRY 


Energy pentadienyl anion cyclopentadienyl anion 


да“ —  -—- __ 


ажет Ts*, T4” 


тд“ — 7 


p orbital 


energy #3 


H- 
--- 


T, 


УН т 


Figure 16.32 Transformation of the x molecular orbitals of the 1,3-pentadienyl system 
into those of the cyclopentadienyl system. The x molecular orbitals of the 
1,3-pentadienyl system, which were generated in accord with the guidelines 
given earlier in this chapter, are shown at the top. Vertical nodes are 
indicated by the dotted lines. Note that this system is similar to the allyl 
system in that an odd number of atoms are present in the chain, and some 
nodes occur at the atomic centers. Because these are monoanions, six 
electrons are shown with each set of molecular orbitals. 


We can think of the aromatic ion of Equation 16.2 as a hybrid of the classical resonance 
structures shown in Figure 16.33. 

Cyclopentadiene has a pK, of 16. It is about as strong an acid as is ethanol. Ordinary hydro- 
carbons are by no means as acidic as cyclopentadiene. Even acetylene has a pK, of only 25. If 
we wish to remove a proton from 1,3-pentadiene, the open-chain reference for cyclopentadiene, 
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Figure 16.33 Resonance contributing forms for the cyclopentadienyl anion. 
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we need a much stronger base than fert-butoxide anion, such as butyllithium. The relatively high 
acidity of cyclopentadiene correlates with the special stability associated with the conjugate base 
that is produced upon removal of the proton. Cyclopentadienyl anion exhibits aromatic charac- 
teristics, in accord with the predictions of the molecular orbital model. Notice in Figure 16.32 
that Ше cyclopentadienyl anion has six л electrons in its molecular orbitals. In a formal count- 
ing of л electrons, each double bond contributes two, and Ше unshared pair asssociated with the 
carbon from which the proton was removed contributes two more giving an overall total of six 
т electrons. 


The Cycloheptatrienyl (Tropylium) Cation Consider a planar ring of seven carbon 
atoms with a p orbital available at each carbon atom. Using our open-chain/cyclic molecular 
orbital transformation approach, we can relate this structure to the 1,3,5-cycloheptatrienyl sys- 
tem. The energies of the л molecular orbitals for the cyclic system are shown in Figure 16.34. 
The molecular orbital approach predicts a special stability for the cycloheptatrienyl cation (also 
known as the tropylium cation). It has greater stabilization than its open-chain reference system, 
the 1,3,5-heptatrienyl cation. This prediction can be verified experimentally. Our experience 
with nucleophilc substitution reactions tells us that carbocations are generally high-energy, 
highly reactive species. The cycloheptatrienyl cation, by comparison, is very stable. We can 
generate the tropylium cation by dissolving cycloheptatrienyl bromide in a polar medium, as 
shown in Equation 16.3. 


+ Br 


H H H H (Eq. 16.3) 


The valence bond model fails to explain why the cycloheptatrienyl anion is not also 
particularly stable, even though we can draw seven resonance structures for it. However, the 
molecular orbital model correctly predicts the experimental result. The cycloheptatrienyl 
anion has eight л electrons, a number that can not be expressed by Ше Ниске! (4n+2) 
formula. 


Small-Ring Aromatic Ions In general, small rings are strained (Chapter 13). However, 
the presence of a continuous cyclic x molecular orbital system can enhance the stability of a 
small-ring compound. For example, although cyclobutadiene is a reactive antiaromatic species, 
molecular orbital considerations predict the cyclobutadienyl dication to be aromatic. Chemists 
have synthesized numerous examples of this type of electron deficient aromatic species, includ- 
ing the tetramethylcyclobutadienyl dication (16.3). Similarly, molecular orbital theory predicts 
the cyclopropenyl cation (16.4) to be aromatic. This prediction is also verified by experimental 
evidence. 
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Figure 16.34 The т molecular model for the cycloheptatrienyl cation. The 6 л electrons 
are placed in the lowest energy orbitals available. All of the bonding 
molecular orbitals are filled, but none of the antibonding molecular orbitals 
are occupied. The cation provides the maximum possible x bonding 
stabilization with this system. 
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Special Topic 


Squaric Acid 


HO OH 


The intriguing squaric acid has been found to have two quite acidic hydrogens, with рК, of ~1.5 and 
pK of ~3.5. This means that the second acidic hydrogen is significantly more acidic than that of typ- 
ical organic acids. One rationalization of this observation is that the resultant dianion is aromatic, as 
illustrated below. 


-О o- 


-0 o- 


The acidic character of squaric acid is increased because of the inherent stability of the conjugate 
base. It should be noted that there are other arguments concerning the aromaticity of the squarate 
dianion. However, aromaticity of the conjugate base represents one rationalization of the high acid- 
ity of this intriguing acid. 


Both of these ions have two д electrons. Considering the third Hückel criterion for aromatic 
character, we note that n = 0 in the (4n + 2) requirement, We must remember, however, that while 
these species are aromatic and more stable than their open-chain counterparts, their stabilization 
is still much less than that of benzene. 


NEUTRAL AROMATIC Могесиге5 LARGER THAN BENZENE 


Using our criteria for aromaticity, we can devise numerous molecules that we would predict to 
be aromatic. We will consider several of these species and compare them to benzene. 

First, consider the molecule 1,3,5,7,9-cyclodecapentaene in which all of the bonds have the 
cis geometry. This molecule (also known as [10]annulene) is shown as (16.5). This molecule sat- 
isfies the third criterion for aromaticity since it possesses 10 m electrons in a cyclic conjugated 
system. For a 10 л electron system, n = 2 in the expression (4n + 2). We would, on that basis, 
expect [10]annulene to exhibit aromatic characteristics, like benzene does. However, [10]annu- 
lene exists as a nonplanar, nonaromatic molecule and is more like cycloóctatetraene than it is 
benzene. 
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We can understand the distortion of [10]annulene away from planarity by considering the 
factors involved other than the number of л electrons. If the molecule were to be planar with all 
ring bonds of equal length, it would resemble a regular decagon. The internal angles of a regu- 
lar decagon are 144?, much larger than is found with sp? hybridized carbons. In a planar 
[10]annulene molecule there would be a significant strain on the o bonds of the ring. This strain 
would be so large that it would exceed any possible aromatic л stabilization. Thus, the molecule 
distorts to a nonplanar structure to avoid this strain, and as a result, can not be aromatic. 

Larger neutral rings can exist with aromatic character, but they do not have entirely cis 
geometry. Two examples are the [14]annulene (16.6) and [18]annulene (16.7), synthesized by 
Franz Sondheimer and colleagues. These molecules do exhibit aromatic character. These types 
of electronic systems, however, are not common in organic molecules. They are difficult to syn- 
thesize and are rare as part of larger organic molecules. In this respect these systems, although 
aromatic, are unlike benzene, which is a common structural unit throughout organic chemistry. 


[14]annulene [18]annulene] 
16.6 16.7 


16.8 GEOMETRIC METHODS FOR DETERMINING л 
MOLECULAR ORBITAL ENERGIES 


We have noted previously in this chapter that the energies of л molecular orbitals could be 
calculated using the Hückel approximations to solve the series of simultaneous equations 
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that are generated using the LCAO approach. This type of calculation, while much simpler 
than rigorous molecular orbital calculations and not requiring the use of computers, can still 
be cumbersome. Fortunately, if all we are interested in are the energies of the п molecular 
orbitals, there are geometric approaches to provide these for us with minimal involvement of 
calculations. (Of course there are now available rapid computer calculation methods for 
Hiickel calculations. For example, available at no cost to the user on the Internet is that pro- 
vided through the University of Calgary at http://www.chem.ucalgary.ca/SHMO/ 

The fundamental approach to an alternative method is referred to as Frost’s Circle, a geo- 
metric approach to solving for energies of cyclic x systems, specifically those having a p orbital 
at every atom of the cyclic system and all of those p orbitals being parallel. In the approach to 
find energies of л molecular orbitals using Frost’s Circle, we construct a circle with a radius of 
2B (remember that В is an energy term introduced in the Ниске! approximations). We then 
inscribe within the circle a polygon with the number of sides (or angles) equal to the number of 
atoms in the ring under consideration, and we inscribe that polygon with one of the corners 
directly down. The energies of the x molecular orbitals are then given by the points at which the 
angles touch the exterior circle. For example, we would do the Frost's Circle analysis of the 
benzene system as shown in Figure 16.35. 

The Frost's Circle analysis provides a reasonable estimation of the relative energies of the 
involved л molecular orbitals with minimal mathematical operations. The question will arise 
concerning the numerical value of the term B. We do not get from these calculations any clue as 


в ыыы жй ме, ыы - 
a+B 


a+ 2p 


Ғісиве 16.35 Frost's Circle analysis of the x molecular orbitals of benzene. We construct а 
circle of radius 2B and inscribe within it a hexagon (benzene has six atoms in 
a ring) with one of the vertices directly at the bottom. The reference point 
for energies is that of the starting p atomic orbitals, which is noted as о. The 
energies of the x molecular orbitals are then provided by a geometric 
analysis of the points at which the inscribed hexagon touch the exterior 
circle, with the reference point for the p atomic orbitals being œ at the 
central horizontal diameter of the circle. Doing this analysis, we find 
the energies representing the x molecular orbitals to be as shown on the 
illustration. NOTE: D is a bonding term, so positive B represents a decrease in 
energy from a. 
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to its value in real energy units, but rather as simply a modification on the value of the energy 
of the atomic p orbitals used. We should be able to find a value for B using experimental meas- 
urements of the x bonding stabilization in real molecules, such as benzene and ethylene. In this 
way we come to some approximate values that are used for В in the range of —18 kcal/mole. 
(Remember, В is a bonding term so a negative value indicates a bonding stabilization.) We must 
apply significant caution in using this value as it will vary with detailed structure of the system 
under consideration, and indeed, different experimental measurements can provide different 
answers. 

The Frost's Circle approach is indeed applicable to rings containing an odd number of 
atomic sites as well as to benzene type systems. The cyclopentadienyl system is analyzed in 
Figure 16.36. Using this approach we may readily estimate differences in stabilization for cyclic 
as compared to open-chain systems. 

Open-chain systems may also be analyzed using a modification of the Frost's Circle tech- 
nique. This again involves constructing a circle of radius 2B and inscribing within it a polygon 
of a particular number of sides with one of the vertices pointing directly down. The polygon to 
be inscribed is derived from the linear open-chain system of m number of atoms by the calcula- 
tion (2m + 2). An example of the allyl system analyzed by this method is illustrated in 
Figure 16.37. For allyl, m — 3, indicating that a regular octagon would need to be inscribed 
within the circle of diameter 2B. The energies of the appropriate л molecular orbitals are indi- 
cated by the points at which the inscribed polygon touches the circle for the m number of points 
on one side, not including top and bottom vertices. Energies determined by this geometric 
method are the same as those calculated by the solving of the secular equations for the LCAO 
according to the Hückel method. 
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Figure 16.36 Frost's Circle analysis of the x molecular orbitals of the cyclopentadienyl 
system. We again construct a circle of diameter 28 within which is 
inscribed a pentagon (five atoms in the ring) with one of the vertices 
pointing directly down. The energies of the five x molecular orbitals are 
then provided by a geometric analysis of the points at which the pentagon 
touches the circle. 
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FigurE 16.37 Modified Frost's Circle analysis of the x molecular orbitals of the open-chain 
allyl system. We again construct a circle of diameter 2B within which is 
inscribed an octagon, a regular polygon with (4m + 2) sides where m = 3. 
Ignoring the vertices directly at the top and bottom, the points at which 
octagon and circle touch on one side provide the energies of the molecular 
orbitals. 


16.9 BENZENE AS A SPECIAL STRUCTURAL 
CATEGORY 


Historically, the chemical phenomenon of aromaticity was first observed with benzene and its 
simple substituted derivatives. Chemists developed the electronic and structural basis for this 
behavior only much later. The concept of aromatic character associated with species that are 
structurally quite different from benzene is of relatively recent vintage. 

Benzene and its simple derivatives still enjoy a special place in the classification of organic 
compounds because of their particular stability, both electronically and structurally, and their 
ubiquitous nature among organic materials. A major reason for the widespread occurrence of 
benzene-type structures, aside from the л electronic stabilization, is that its б structure is free of 
strain. The ring bond angles in benzene are all 120°, in perfect accord with the sp? nature of the 
ring carbons of benzene. In comparison, the internal bond angles of the cyclopentadienyl anion 
and the tropylium ion are 108° and 128.5° respectively. (See Chapter 13 for a discussion of the 
internal angles of planar cyclic structures.) While these latter species exhibit л electron stabi- 
lization, they also have significant angle strain on their o-bonding system. Their overall stability 
is thus diminished, a situation that does not occur with benzene and its simple derivatives. 

There are also numerous aromatic molecules in which one or more of the ring atoms are an 
element other than carbon. For example, aromatic six-membered rings with nitrogen in the ring 
occur naturally and are of extreme importance in biological systems. We have seen several 
examples of these compounds in our earlier discussions of nucleic acids. Two additional exam- 
ples are shown in Figure 16.38. 
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Figure 16.38 Examples of nitrogen-containing aromatics. Both pyridine and pyrimidine 
are aromatic compounds with a x molecular orbital structure completely 
analogous to that of benzene. In addition to the x molecular orbitals, each 
nitrogen atom has an unpaired electron pair in a hybrid orbital (sp?) that is 
orthogonal (at right angles) to the molecular orbital л-ѕуѕїет and thus is in 
the plane of the ring. 
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Figure 16.39 Examples of heteroaromatic compounds. Each of the compounds has at 
least one unshared electron pair associated with the non-carbon atom 
(heteroatom) in the ring. An unshared electron pair from each heteroatom 
contributes to the six electrons required for the x aromatic system. For 
thiophene and furan, there is yet an additional unshared electron pair at the 
heteroatom. This additional electron pair is orthogonal to the ring system, 
occupying a hybridized (sp?) orbital and can not contribute to the cyclic п 
system. 


Other heteroaromatic compounds exist with rings of different sizes. Several examples are 
shown in Figure 16.39. We will discuss these and other heteroaromatic compounds in more detail 
in Chapter 28. 

In general, an unshared electron pair can contribute to an aromatic л system if the atom to 
which it belongs is not involved in a double bond (in terms of valence bond structures). If the 
atom is involved in a double bond, the unshared electron pair on nitrogen can not contribute to 
the cyclic л system. 
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The valence bond approach to describing bonding in organic molecules provides inadequate 
descriptions for certain types of molecules. In particular, it often gives us an incomplete 
understanding of conjugated л electron systems. 


For conjugated п electron systems, the molecular orbital approach allows a fuller under- 
standing of bonding. 


The molecular orbital approach gives us more versatile descriptions of linear conjugated 
п systems than does the valence bond model. 


Using a set of simple guidelines, we can quickly construct qualitative л molecular orbitals 
for linear л systems. Once we have described the л molecular orbitals for a linear polyene 
or an intermediate, we can introduce the appropriate number of electrons for the species of 
interest. 


Aromatics represent a class of compounds with particularly interesting characteristics. 
They have a continuous cyclic л system and exhibit relative electronic stability compared 
to their open-chain counterparts. 


A continuous cyclic л system about a planar array of atoms containing (Ап + 2) т elec- 
trons provides a system with a special stability. 


Species with (Ап) т electrons in a continuous cyclic л system about a planar ring of atoms 
are destabilized relative to their open-chain counterparts. Such species are referred to as 
being antiaromatic. 


* Benzene and its derivatives are the most stabilized of the aromatic compounds. 


* There are other aromatic compounds in which non-carbon atoms are present in the aromatic 


ring. Many of these compounds are of great significance in biological processes. 


A geometric approach toward evaluation of energies of x molecular orbitals in conjugated 
systems, both cyclic and open-chain, is available and known as Frost's Circle. 


Terms to Remember 


nodal plane allyl radical aromatic 
vertical nodes allyl anion antiaromatic 
axis of symmetry nonbonding orbital Frost's Circle 


allyl cation benzene 


Problem 16.1 


Consider the cisoid form of the 1,3-butadiene molecule. Are there any other symmetry 
elements for the molecule other than the two already noted? What, if any, are they, and 
аге the four л molecular orbitals we have described symmetric or antisymmetric with 
regard to them? 


(answer) 


Problem 16.2 


Draw an energy diagram for the x molecular orbital system of 1,3,5-hexatriene showing 
the ground state electronic configuration. Your drawing should show which л orbitals of 
1,3,5-hexatriene are actually occupied in the ground state. 


(answer) 


Problem 16.3 


Draw the л molecular orbitals for the 1,3,5,7-octatetraene molecule. Indicate all nodes 
and bonding interactions in each orbital. 


(answer) 


Problem 16.4 
Draw the orbitals that constitute the HOMO and LUMO of ground state 1,3,5-hexatriene. 


(answer) 


Problem 16.5 


Construct the z molecular orbital energy diagram for the ground state of the 1,3,5- 
hexatriene molecule. Indicate the HOMO and the LUMO. 


(answer) 


Problem 16.6 
Show the resonance structures of: 


a) the most stable cation that can form through the loss of a bromide ion from 2,3- 
dibromo-1-butene 


b) the most stable radical that can form by abstraction of a hydrogen atom from 1- 
butene 


(answer) 


Problem 16.7 

When the isotopically substituted propene shown below is treated with N- 
bromosuccinimide under conditions for allylic bromination, two products are formed. 
Give the structure for each of these two products. 


H;!^ С-СН-СН; 


(answer) 


Problem 16.8 


Consider the allyl cation, allyl radical and allyl anion using the molecular orbital model. 
Which of these has the greatest, and which has the least z-bonding stabilization? Explain 
your conclusion. 


(answer) 


Problem 16.9 


Using the energy diagram shown in Figure 16.28, add the appropriate л electrons for the 
ground state benzene molecule. 


(answer) 


Problem 16.10 


Use the transformation algorithm to derive the three occupied molecular orbitals of 
benzene from those of 1,3,5-hexatriene. 


(answer) 


Problem 16.11 


Perform the orbital transformation on the z molecular orbitals of 1,3,5,7-octatetraene, 
generating those of planar cycloóctatetraene. Draw the orbital descriptions for the eight 
molecular orbitals of the planar cycloóctatetraene molecule, and label each as bonding, 
nonbonding, or antibonding. Make sure all orbitals are symmetry correct. 


(answer) 


Problem 16.12 
Draw ће л molecular orbitals of the cyclopentadienyl system as generated by 
transformation of the orbitals of the 1,3-pentadienyl system. Show all nodes present in 


the orbitals. 


(answer) 


Problem 16.13 


We can anticipate the formation of four adducts of cycloheptatriene with one equivalent 
of bromine. Draw the structures of these four possible products, ignoring the possibility 
of stereoisomers. 


(answer) 


Problem 16.14 


Draw the classical valence bond resonance structures that show the delocalization of the 
positive charge about the ring of the cycloheptatrienyl cation. 


(answer) 


Problem 16.15 


Draw ће л molecular orbitals for the 1,3,5-heptatrienyl cation, and show in an energy 
diagram which orbitals are occupied by electrons. 


(answer) 


Problem 16.16 


Using the orbitals drawn in Problem 16.15, perform the transformation to generate the л 
molecular orbitals for the cycloheptatrienyl system. Draw these orbitals, and verify that 
the cycloheptatrienyl cation is stabilized relative to the open-chain reference system. 


(answer) 


Problem 16.17 


Consider the cycloheptatrienyl anion. Draw its molecular orbital energy diagram. Is it 
stabilized or destabilized relative to the cycloheptatrienyl cation? Is it stabilized or 
destabilized relative to the 1,3,5-heptatrienyl anion? Explain your conclusions. 


(answer) 


Problem 16.18 


Consider the reaction of cycloheptatriene with base. Would you expect a facile reaction 
between cycloheptatriene and a base to occur with the removal of a proton from the 
cycloheptatriene? Why or why not? Would you expect the open-chain molecule 1,3,5- 
heptatriene to be more or less acidic than cycloheptatriene? Explain your answer. 


(answer) 


Problem 16.19 
Consider the x molecular orbitals for the allyl system and transform them to generate the 
1 molecularm orbitals of the cyclopropenyl system. Demonstrate that the cyclopropenyl 


cation should be aromatic. 


(answer) 


Problem 16.20 


The cyclobutadienyl dication is aromatic, while the neutral cyclobutadiene molecule is 
antiaromatic. How would you describe the cyclobutadienyl dianion? Explain your 
answer. 


(answer) 


Problem 16.21 


The ten л electron system shown below does not exhibit the special stability associated 
with aromatic compounds. Suggest an explanation for its non-aromatic nature. 


(answer) 


Problem 16.22 


Using the Frost's Circle approach, calculate the total л bonding energy for the 
cycloheptatrienyl cation. 


(answer) 


Problem 16.23 


Using the Frost's Circle approach, calculate the difference in л stabilization for the 
cyclopentadienyl anion compared with the open-chain 1,3-pentadienyl anion. 


(answer) 


Problem 16.24 
Rationalize the fact that the unshared electron pair on nitrogen in pyridine is not part of 
the aromatic sextet of electrons, whereas the unshared electron pair on pyrrole is part of 


the aromatic sextet. 


(answer) 


Problem 16.25 


Does the energy of an orbital increase or decrease with increasing numbers of nodes? 
Rationalize your answer in terms of bonding and antibonding interactions between 
adjacent pairs of atoms. 


(answer) 


Problem 16.26 

How many vertical nodes are present in each of the following orbitals? 
a) the z4 molecular orbital of 1,3,5-hexatriene 

b) the m, molecular orbital of the 1,3-pentadienyl cation 

с) the HOMO of the 1,3-pentadienyl anion 

d) Шел» molecular orbital of the 1,3-pentadienyl anion 

e) the LUMO of the 1,3-pentadienyl anion 

f) the 15 molecular orbital of the 1,3,5,7-octatetraene 


(answer) 


Problem 16.27 

Sketch the HOMO for each of the following: 
a) 1,3-butadiene in its first excited state 
b) the allyl anion 

с) the allyl cation 


(answer) 


Problem 16.28 

How many total nodes are there in each of the following orbitals? 
a) the m2 molecular orbital of ethylene 

b) a 2p orbital of carbon 

с) е лу molecular orbital of ethylene 

d) the 1s orbital of hydrogen 


(answer) 


Problem 16.29 


How many л electrons should be included in the molecular orbital energy diagrams for 
each of the following? 


a) 1,3,5,7-cycloóctatetraene 
b) the 1,3-pentadienyl radical 
с) сусіоргорепе 

а) the cyclopropenyl cation 
e) furan 

f) pyridine 


(answer) 


Problem 16.30 
Compare the stabilities of the HOMOs of the 1,3,5-heptatrienyl cation and the 
cycloheptatrienyl cation. Which is more stable? Explain your answer. Compare the 


corresponding anions in the same way. 


(answer) 


Problem 16.31 


How many л electrons are stabilized and how many are destabilized upon transforming 
each of the following? 


a) the 1,3,5-heptatrienyl cation to a tropylium ion 
b) the allyl anion to a cyclopropenyl anion 
с) the allyl cation to а cyclopropenyl cation 


(answer) 


Problem 16.32 


Arrange reactions A through C in increasing order of exothermicity. 


A B 
» » 
Н», cat. Но, cat. 


(answer) 


C 
» 
Н», cat. 


Problem 16.33 
Which of the following species would be expected to exhibit aromatic characteristics? 
a) cyclopropene 


b) cyclobutene 


с) 1,3-cyclobutadiene 

d) cyclopropenyl anion 

e) cycloheptatrienyl anion 
f) bromobenzene 


g) 1,3-cyclopentadiene 
h) 1,4,7-cycloóctatriene 


i) 


2) 


К) 


ђ 


(answer) 


Problem 16.34 


One of the following reactions requires a significantly lower pH than does the other. 
Decide which occurs at the lower pH and explain why it does. 


H OH 


H* 


H* + H,O 


(answer) 


Problem 16.35 


Generally, resonance structures that involve charge separation are considered much less 
significant than those that do not involve charge separation. However, there are 
exceptions to this generalization, such as the molecule shown below. Explain why this 
charge-separated resonance structure is significant. 


Y mM Y 
H,C CH, 


н.с” + CH, 


(answer) 


Problem 16.36 


Draw significant charge-separated resonance structures for each of the following 
molecules. Explain why each is a significant representation of the molecule. 


O 


5 


(answer) 


a) 
b) 
с) 


Problem 16.37 


One of the following molecules has a molecular dipole in which the nitrogen is the 
negative pole. The other molecule has a molecular dipole in which the nitrogen is the 
positive pole. Explain the phenomenon using valence bond resonance structures. 


(answer) 


Problem 16.38 


Antimony pentachloride (5ЬСІ5) is a Lewis acid that reacts with a wide range of halogen 
compounds according to the equation: 


ЕСІ + SbCl; ----” R* + SbCI,” 


Give the structures of the organochlorine compounds that would react with SbCl; to yield 
aromatic carbocations with 


a) two л electrons 
b) six л electrons 


(answer) 


Problem 16.39 


Would you expect the reaction shown below to be exothermic or endothermic? Explain 
your answer. 


H H H 


+ + 


(answer) 


Problem 16.40 


Which would you expect to be the stronger acid, cyclopropene or cyclopentadiene? 
Explain your answer. 


(answer) 


Problem 16.41 


Assuming the nitrogen atom to be the basic site, which would you expect to be the 
stronger base, pyridine or pyrrole? Explain your answer. 


(answer) 


Problem 16.42 


Explain why one mole of molecule A (shown below) reacts with just one mole of 
antimony pentachloride (see Problem 16.38), while molecule B reacts readily with two 
moles of antimony pentachloride. 


CI 
CI CI ВС 


CH; 


CH; 
СІ СІ H,C 
CI 
A B 


(answer) 


Problem 16.43 


Substance C (shown below) reacts with acid to give methylpropene plus an aromatic 
carbocation. Write a complete mechanism for this reaction of C with acid. 


OH 


(answer) 


Problem 16.44 


One of the reactions shown below occurs readily while the other reaction does not. 
Suggest a mechanism for the reaction that occurs readily. Explain why the other reaction 
does not occur readily. 


979 
о = CO 


(answer) 


Problem 16.45 


Which of the following radicals has the greater degree of stabilization? Explain your 
answer. 


Б or “ 


(answer) 


16.1-answer 


Yes, there is an additional symmetry element. (Otherwise it would be strange to ask the 

question....) The additional symmetry element is a plane of symmetry, that plane which 
includes the nuclei of the molecule (the original nodal plane we considered). All four of 
the x molecular orbitals of the 1,3-butadiene molecule are antisymmetric with regard to 

this plane. 


16.2-answer 


Energy 


energy of parent 
C 2p orbitals B 


16.3-answer 


The 3 bonding molecular orbitals are: 


16.5-answer 


Energy 


54" LUMO 


energy of parent 
C 2p orbitals nd coss сы Аа Майлы 


$ НОМО 


16.6-answer 


a) 
Br 


b) 


* + 
Н;С-СН-СВг=СН +-> Н;С-СН-СВг-СН, 


+ Br 


H,C-CH-CH-CH, <--” H,C-CH-CH-CH, 


+ HX 


16.7-answer 
H, 4 C=CH-CH , Br 


and 


BrH, 4 С-СН-СН, 


16.8-answer 


Trick question! There is no difference in their z-bonding stabilizations. All have the same 
m-bonding stabilization. The electrons that are added in going from the cation to the 
radical and to the anion are located in 12, a nonbonding orbital, for which there is по л- 
bonding stabilization generated compared to the original p atomic orbitals. 


16.9-answer 


Energy 


p orbital 
energy 


16.10-answer 


benzene 3 , from benzene 3 , from benzene 3 ; from 
1,3,5-hexatriene š | 1,3,5-hexatriene § , 1,3,5-hexatriene 5; 


16.11-answer 


$, bonding 


56" antibonding 


57% antibonding 55% antibonding 


16.12-answer 


16.13-answer 


Br Br 


Br Br 
Br Br 
Br 


16.14-answer 


+ 
<-> 
C3 m 
+ 


16.15-answer 


p orbital 
energy 


Energy 


$,* 
6 nodes 
5“ 
5 nodes 


$5* 
4 nodes 
$4 


3 nodes 


53 
2 nodes 


16.16-answer 


p orbital 
energy 


Energy 


1,3,5-heptatrienyl cation 


cycloheptatrienyl cation 


57" „илт 
6nodes | ——7 P d 
7 
м “7 
$6* "d 
5nodes —— 
$5* 
4 nodes —RÀ EI i 
Ба 


54 ge 
3 nodes — 


5; 
2 nodes eee 
Y тез 


Four electrons are stabilized upon going to Ше cyclic cation, while only two are 
destabilized. The cyclic structure is stabilized relative to the open-chain system. 


16.17-answer 


Energy 


p orbital 
energy 


1,3,5-heptatrienyl anion 


cycloheptatrienyl anion 


5 7 ж жет, 
6 nodes / 

$ 6 БЫ ^ 
5 nodes 


$5* 
4 nodes 


cycloheptatrienyl cation 


Y 


Relative to the cycloheptatrienyl cation, the cycloheptatrienyl anion is destabilized. The 
additional two electrons are placed in antibonding rather than bonding orbitals, and have 
the same spins. It is energetically higher and is more reactive as well. Compared to the 
1,3,5-heptatrienyl anion, the cycloheptatrienyl anion is also destabilized. While the 
additional two electrons for the open-chain system (relative to the cation) are placed in a 
nonbonding level, with the cycloheptatrienyl anion they are placed in an antibonding 
level and have spins unpaired. 


16.18-answer 


Cycloheptatriene would not be expected to react readily with base to give up a proton. 
Doing so would generate an anion that has been destabilized by the placement of two 
electrons in antibonding levels, and would be a diradical. The open-chain molecule 1,3,5- 
heptatriene would be more acidic than cycloheptatriene, and would more readily give up 
a proton to a reacting base. This is because in the formation of the 1,3,5-heptatrienyl 
anion the last two electrons of the л system are located in a nonbonding level and thereby 
does not decrease the л bonding energy of the system. 


16.19-answer 


allyl cation 


cyclopropenyl 
cation 
Energy 
E ~ 
— Е 
/ 
/ 
7 
. / 
atomic p ‚ 
orbital —À 
energy 


The cyclopropenyl cation has two electrons stabilized and none destabilized compared to 
the corresponding open-chain system (allyl cation). With the cyclopropenyl л system, all 
bonding z orbitals are filled and the antibonding orbitals are empty. It is a cyclic x system 
(planar - by definition) with a p orbital at each atom of the ring and a total of 2 x 
electrons - it meets the (4n+2) criterion for n= 0. 


16.20-answer 


Energy 


cyclobutadienyl 
dianion 
1,3-butadienyl 
dianion 
— 
y; 
7 
P4 
—À 
54% 
3 nodes 


5 2 2 nodes $5 2 nodes 


51 0 node 


Using the above energy diagram (taken from Figure 16.27) we see that on transformation 
to the cyclic system four electrons are stabilized and only two are destabilized from the 
1,3-butadienyl dianion. In the cyclobutadienyl dianion all bonding x molecular orbitals 
are filled, and the antibonding molecular orbitals (one of each) are empty. On these bases 
we would predict that the cyclobutadienyl dianion would be aromatic. 


16.21-answer 


The 10 л electron system with two of the linkages trans is not aromatic because it is 
forced from planarity by the interior hydrogens (see below). Unlike the larger ring 
systems with (4n+2) л electrons, this size ring forces the hydrogens into a very tight 
space which the molecule accommodates by twisting from planarity, thereby preventing 
it from exhibiting aromatic character. 


16.22-answer 


ot 1.8028 


ot 0.4458 


о - 


о-1.247р 


о-2р 


From this Frost's Circle analysis we see 2 electrons at (a—2ß) and 4 at (a—1.247B) 
providing a total л energy of (бо —8.988В). 


16.23-answer 


cyclopentadienyl anion pentadienyl anion 


о-1.618р о-1.732р -- 
о-1.000р 
а - a H- 
о--0.618р о--1.000р | | 
Y 
«+1.732В | | 
о+2В 


From this Frost's Circle analysis we see the difference in л stabilization to be that 


indicated with the left-hand system minus that indicated with the right-hand system. That 
is: 


(60+6.472) – (60.45.4648) = 1.0088 


16.24-answer 


In pyridine the nitrogen is өр? hybridized using two sp? hybrids to form с bonds to two 
carbons of the ring with the third pointing out away from the ring, orthogonal to the 
aromatic л system. The nitrogen contribution to the aromatic sextet comes from the 
unhybridized p orbital left on the nitrogen (contributing one electron). However, with 
pyrrole, there are three o bonds associated with the ring nitrogen (two to carbons and one 
to a hydrogen) formed using sp? hybrids on nitrogen. There remains an electron pair in an 
unhybridized p orbital of nitrogen, which contributes to the aromatic л system. 


16.25-answer 


Increasing numbers of nodes corresponds with increasing energy of particular orbitals. 
We can rationalize this by noting that the absence of a node means there is a continuum 
of electron density between nuclear centers, a bonding situation. Introduction of a node, 
either between nuclear centers or at a nuclear center, means there is a discontinuity in the 
electron density and thereby is a breakup of the bonding situation, making the orbital 
higher energy than if there were a continuum of electron density. 


16.26-answer 


a) 3 
b) 1 
с) 2 
а) 1 
е) 3 


16.28-answer 


a) 3 - 2 vertical nodes and the horizontal nodal plane 
b) 1 
с) 1 - the horizontal nodal plane 


d) 0 


16.29-answer 


a) 8 
b) 2 
с) 2 
а) 2 
е) 6 


16.30-answer 


The HOMO for the 1,3,5-heptatrienyl cation is лз, which is stabilized on transformation 
to the лз of the cycloheptatrienyl cation (the HOMO for that system, degenerate with its 
по). Thereby, the HOMO for Ше cycloheptatrienyl cation is more stable than the HOMO 
for the 1,3,5-heptatrienyl cation. 


Considering the HOMOs of the anions, with the 1,3,5-heptatrienyl anion the HOMO is ла 
which is non-bonding. The HOMO for the cycloheptatrienyl anion is also лд (degenerate 
with zs), but this (these) are antibonding orbitals and thereby less stable than the HOMO 
in the 1,3,5-heptatrienyl anion. 


16.31-answer 


a) 4 are stabilized and 2 are destabilized 
b) 2 are stabilized and 2 are destabilized 


с) 2 are stabilized апа 0 аге destabilized 


16.32-answer 


C>B>A (28.6 > 27.1 > -5.9) 


16.33-answer 


Only (f), (1), G), and (1) would be expected to exhibit aromatic characteristics. 


16.34-answer 


The second reaction (that forming the cycloheptyl cation) will occur at the lower pH 
because it requires the stronger acid solution to generate the less stable carbocation, 
facilitating the reaction. 


16.35-answer 


The charge-separated resonance structure involves an aromatic ring which provides 
particular stabilization, and thereby becomes significant. 


16.36-answer 


O 


2-8 
4-4 


Each charge separated resonance structure involves the incorporation of at least one 
aromatic ring in the molecule. 


| 
б>— 


| 


a) 
b) 
с) 


16.37-answer 


/ 
Ји 


\ 
2 


<-> 


Ри H 


For pyridine (on the left) resonance structures may be written in which the nitrogen bears 
a formal negative charge. One is shown. For pyrrole (on the right) such resonance 
structures may be written in which the nitrogen is electron deficient with a positive 
charge on carbon. Again, one is shown. 


16.38-answer 


a) H C 


b) 


= 
e 


16.39-answer 


As written we would expect the reaction to be endothermic. The starting cation, the 
cyclopropenyl cation, exhibits a greater degree of л stabilization than does the product 
cation, the allyl cation. Other strain effects are negligible compared to this factor. 


16.40-answer 


Cyclopropene would be the stronger acid. On loss of a proton from cyclopropene, the 
aromatic cyclopropenium ion would be generated. The loss of a proton from 
cyclopentadiene would generate the cyclopentadienly cation which has 4 electrons in its 
cyclic л system and thereby is not aromatic and does not exhibit particular stabilization. 


16.41-answer 


Pyridine would be the stronger base. Protonation at nitrogen in pyridine uses the unshared 
pair of electrons that are orthogonal to the x system and thereby the process does not 
disturb the aromatic character of the ring. Protonation of the nitrogen in pyrrole requires 
the use of a pair of electrons that are part of the aromatic л system and thereby would 
destroy the aromatic stabilization of the system. 


16.42-answer 


Reaction of A with one mole of antimony pentachloride would generate the 1,2,3- 
trichlorocyclopropenium ion, an aromatic species. Further reaction would do nothing to 
generate any more stable species. 


Reaction of B with just one mole of antimony pentachloride would generate a 
monocation, but reaction with two moles would generate the 1,2,3,4- 
tetramethylcyclobutadiene dication, an aromatic species. 


16.43-answer 


OH 


16.44-answer 
The reaction 
O OH 


H* 


O OH 


occurs readily. The formation of the aromatic ring provides driving force for the "dienol" 
form of the diketone. 


However, the reaction 


O OH 


О OH 


that would appear to be quite similar does not occur readily since the product, while 
nominally aromatic, can not be planar since the two interior hydrogens bump into each 
other and force the ring away from planarity. 


16.45-answer 


is the more stable of the two radicals. The unpaired electron in this system can be 
delocalized to two other sites (total of three resonance structures) whereas the unpaired 
electron in the alternative structure can be delocalized to only one other site (total of two 
resonance structures). 


REACTIONS OF BENZENE AND 
ITS DERIVATIVES 


18.1 INTRODUCTION 


Chapter 16 focused on aromaticity, a particular stability associated with fully conjugated planar 
rings containing a Hückel number (4n + 2) of x electrons. Benzene and its derivatives command 
a central role in the study of aromatic compounds because of their particularly great stabilities 
and widespread occurrence. 

Since we use structures containing carbon-carbon double bonds to depict benzene and its 
derivatives, we might naively anticipate that these compounds would undergo chemical reac- 
tions similar to those of alkenes. That is, we might anticipate them to undergo addition 
reactions. However, we find that the most common type of reaction for benzene and its deriv- 
atives to undergo is substitution, not addition. In a substitution reaction the ring is able to 
maintain its aromatic stability, which it could not preserve in an addition reaction. These sub- 
stitution reactions—their mechanisms and synthetic applications—will be the main focus of 
our attention in this chapter. 


18.2 NOMENCLATURE OF BENZENE DERIVATIVES 


Many substituted benzene compounds are named in the same way as other hydrocarbons. That 
is, the names and positions of any substituents are added to the name of the parent substance, 
benzene. Some examples are shown in Figure 18.1. 

There are also many common names for derivatives of benzene. Some of these are illustrated 
in Figure 18.2. You should memorize the names and structures of these monosubstituted benzenes. 


Tue Terms ortho, meta, AND para 


The prefixes ortho (0), meta (m), and para (p) are used to name substituted benzenes when two 
substituents are respectively 1,2-, 1,3-, or 1,4-relative to each other. Some examples are given in 
Figure 18.3. 
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Cl CH,CH, NO, 
ON NO, 
chlorobenzene ethylbenzene 1,3,5-trinitrobenzene 
Cl Cl 
Br 
Cl Cl 
1,4-dichlorobenzene 2-bromo-1,4-dichlorobenzene 


Ғісиве 18.1 Examples of nomenclature for simple derivatives of benzene. When several 
unlike substituents are present, they are listed in alphabetical order. 


OH NH, ОСН; СН(СН;), 
phenol aniline anisole cumene 
O CH O H 
Sgr 9 CH=CH, CH; “си 
acetophenone styrene toluene benzaldehyde 
O 
COH CN SO3H T 
» » CT 
benzoic acid benzonitrile benzenesulfonic acid benzophenone 


FiGURE 18.2 Common names of some monosubstituted benzene derivatives. 
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THe Terms phenyl AND benzyl 


The phenyl and benzyl groups are shown in Figure 18.4. At times we use an abbreviated notation 
for these groups: Ph or ф for phenyl and Bn for benzyl. Several examples of nomenclature using 
these groups are given in Figure 18.5. 


Cl NO, 
Cl CH; 
NO; ОМ 
o-dichlorobenzene m-dinitrobenzene p-nitrotoluene 
СН; СН; 
СН; СН; 
СН; НЗС 
o-xylene m-xylene p-xylene 
СН; СН; 
ОН СН; 
ОН НО 
o-cresol m-cresol p-cresol 


Figure 18.3 Examples of the ortho, meta, para notation system. Dimethylbenzenes are 
known as xylenes, and hydroxytoluenes are known as cresols. 


C y Б phenyl group 
( Xon- =< benzyl group 


FIGURE 18.4 Phenyl (Ph or ф) and benzyl (Bn) groups. 
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|“ |" 
CH4—CH — СН, —CH — CH; 2,4-diphenylpentane 


PhCH,Cl benzyl chloride 
PhCH, —O — CH;Ph dibenzyl ether 
CH,Ph benzylcyclohexane 


Figure 18.5 Use of phenyl and benzyl in the nomenclature of organic compounds. 


Special Topic 


Paracyclophanes 


(СВ) 


Paracyclophanes are interesting bicyclic compounds in which one of the rings is a benzene ring. Two 
positions of the benzene ring that are para relative to each other serve as bridgeheads. The bridge- 
heads are connected by a succession of methylene (-CH;-) groups. The compounds are named as 
[n]-paracyclophanes, where n is the number of methylene groups bridging the para positions of the 
benzene ring. When the number of methylene groups is large, the molecule is relatively unstrained 
but still exhibits an interesting proton NMR spectrum. Because the chain of methylene groups 
must pass over the benzene ring, some hydrogen atoms are in a position of high shielding (see 
Chapter 17). They therefore come into resonance at an unusually upfield chemical shift. For exam- 
ple, for [10]-paracyclophane we observe a signal at 0.3 6 for the hydrogens of the £-methylene 
group—usually we observe a signal at about 1.0 6 for methylene hydrogens that are flanked by 
neighboring methylene groups. 

If the number of atoms in the bridge linking the para positions is small, considerable strain is 
placed on the molecule and the benzene ring is forced out of planarity. How far can this twisting be 
forced by going to shorter and shorter bridges? In the mid 1980s Professor Freiedrich Bickelhaupt 
(Vrije University, Amsterdam) and Professor Yoshito Tobe (University of Osaka) synthesized 
[5]-paracyclophane, a compound with only five carbon atoms in the bridge. At that time five carbon 
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chemical shift 
0.3 6 
6 5 
Н,С-СН,-СН,-СН 
2 2 2 2 y 
“| | 
H,C CH, 
с ns Анар 
Н.С Z N CH, 


a 
[10]-paracyclophane 
atoms was the shortest bridge incorporated into a paracyclophane. A few years later Bickelhaupt 


reported the synthesis of [4]-paracyclophane. Evidently the benzene ring can be bent appreciably. 
Of course, such bending sacrifices aromatic stability in the process. 


THe Term aryl 


An aryl group is a general term for any substituted aromatic group. We use the term in the same 
way that we use alkyl. Just as we commonly use the symbol R to indicate the generic alkyl 
group, we use Ar to indicate an aryl group. 


18.3 PHYSICAL PROPERTIES 


Most benzene derivatives have physical properties similar to those of other hydrocarbons hav- 
ing similar shapes and molecular weights. For example, benzene and its hydrocarbon derivatives 
have very low solubility in water, like other hydrocarbons. However, hydrogen-bonding sub- 
stituents change the properties substantially, as we will discuss in later chapters. 


18.4 INTRODUCTION TO ELECTROPHILIC AROMATIC 
SUBSTITUTION REACTIONS 


The most important class of reactions for benzene and its derivatives is electrophilic aromatic 
substitution. In such reactions, an electrophile (i.e., ап electron-deficient ion or molecule) 
reacts with benzene or its derivative to form a new benzene derivative. The electrophile takes the 
place of one of the original ring hydrogens. An example is the bromination of benzene, shown 
in Equation 18.1. 
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Br 
Br, 
------->- 
FeBr; + HBr 
benzene bromobenzene 
75% yield (Eq. 18.1) 


GENERAL FEATURES or ELECTROPHILIC AROMATIC SUBSTITUTION 


In order to perform an electrophilic aromatic substitution reaction, we need an electrophile and 
a suitable aromatic substrate. Many suitable electrophiles are too reactive to store and thus can 
not be obtained directly from a reagent bottle. Instead, they must be prepared in situ, that is, in 
the reaction mixture, in the presence of the aromatic substrate. Once formed, the electrophile 
reacts with the substrate. A two-step mechanism is consistent with experimental observations. 
The two steps are: 


Electrophilic Aromatic Substitution—Overall 


E 


Et 
— + Ht 


Step 1 Addition of the electrophile to the aromatic ring 


+ 
Et «—» 
+ 
H E H E H E 


| 


H E 
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Step 2 Abstraction of a proton by a base 


1. The electrophile adds to the aromatic substrate to produce an intermediate carbocation 
known as a benzenonium ion (or arenonium ion). 


2. The intermediate loses a hydrogen ion (or occasionally some other ion) from the site of 
electrophile attack to generate the product. 


Many useful electrophiles are cations, designated by E+. Some electrophiles are neutral mol- 
ecules that contain electron-deficient centers. There are many ways of producing electrophiles 
for reaction with benzene and its derivatives. A few examples are listed in Table 18.1. 


18.5 BROMINATION OF BENZENE: A DETAILED LOOK 


Although bromine in aqueous or carbon tetrachloride solution adds readily to the double bonds 
of alkenes, no such addition reaction occurs with benzene and its derivatives. Substitution of a 
hydrogen atom by a bromine atom occurs instead, but more vigorous conditions are required 
even for this substitution reaction to occur. We need to use pure (liquid) bromine (rather than a 
dilute solution) and a Lewis acid catalyst (e.g., FeBr3) in order to cause reaction with benzene 
and most of its derivatives to occur. The reaction in Equation 18.1 summarizes the required con- 
ditions. Often, metallic iron (as filings) is used instead of ferric bromide; however, this approach 
is really no different from the addition of ferric bromide, since bromine reacts readily with 
metallic iron to form ferric bromide. Ferric bromide, whether used directly or formed from 


ТавіЕ 18.1 Typical Electrophiles for Aromatic Substitution Reaction. 


Electrophile* (E+) Reactants Used to Generate Product of Aromatic 
Electrophile Substitution Reaction 
Brt Вг» + ЕеВтз A bromobenzene, ArBr 
(Се Cl, + FeCl; A chlorobenzene, ArCl 
МО HNO; + H2SO4 A nitrobenzene, АМО; 
Rt RX + AIX; (Friedel-Crafts An alkylbenzene, ArR 


reaction) plus numerous other 
methods for forming carbocations 


[К—-С=О]* (acyl cation) RCOX or ArCOX (acid halide) An aryl ketone, ArCOR or 
+ АІЖ, (Friedel-Crafts acylation) АгСОАг” 
SO; 5Оз/Н,5О, A sulfonic acid, ArSO;H 


"The structures of some electrophiles such as Br* are simplified in this Table (see Section 18.5). 
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metallic iron, is a Lewis acid that reacts further with bromine. The detailed mechanism for 
electrophilic aromatic substitution involving bromine and iron (ferric bromide) is shown. 

Notice that the last step of the reaction regenerates ferric bromide. Thus, there is no net con- 
sumption of ferric bromide, consistent with its catalytic role. Step 3, the proton abstraction that 
results in the formation of the aromatic m system, is a typical reaction for a carbocation. (See 
Chapter 7.) In this instance the loss of the proton occurs with particular ease and rapidity since 
it produces the particularly stable aromatic ring. 


Bromination of Benzene— Overall 


Br 


Вг; 
о 


FeBr; + HBr 


Step 1 Bromine reacts with FeBr3 to form a Lewis acid-base adduct: 


+ - 
Br— Br FeBr; | ———- Br — Br— КеВгз 


The adduct is the actual electrophile in the reaction. However, it behaves as if it were 
[Br]*[FeBr,]-, that is, as a source of the electrophile Вг”. For simplicity, we will consider Вг” to 
be shown as the electrophile. 

Step 2 The electron-rich benzene ring reacts with the electron-deficient electrophile, generating 
the benzenonium ion intermediate. 


— + FeBry 


a 


H Brt H Br 
FeBr4 


This reaction is a slow process—it is the rate-determining step of the reaction. It has a 
high activation energy because it involves the loss of aromaticity for the benzene ring system. 


Step 3 A Lewis base, such as FeBr,-, removes a proton from the benzenonium ion, resulting in 
the reformation of the aromatic ring. This step is a low activation energy process and 
occurs rapidly. 


—— + ЕеВгз + HBr 


Br3Fe —Br 
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18.6 OTHER ELECTROPHILIC AROMATIC 
SUBSTITUTION REACTIONS 


The mechanism presented previously for aromatic bromination is mirrored in other electrophilic 
aromatic substitution reactions. Each reaction involves: 


1. Initial steps that generate the electrophile 
2. Reaction of the electrophile by addition to the aromatic ring to generate a nonaromatic 
(but resonance stabilized) benzenonium ion 


3. Loss of a cation (usually a proton) from the benzenonium ion ring to regenerate an aro- 
matic ring 


PRODUCTION OF THE ELECTROPHILE 


Nitration The introduction of a nitro group (-NO;) into a molecule is known as nitration. We 
usually perform nitrations of benzene and its derivatives by heating them with a mixture of nitric 
and sulfuric acids. This mixture of acids generates the active electrophile МО», known as the 
nitronium ion. The formation of the nitronium ion occurs in two steps. 

The nitration of benzene is shown in Equation 18.2. 


NO, 
H5SO, 
HNO; 
heat 
benzene nitrobenzene 
85% yield (Eq. 18.2) 


Formation of the Nitronium lon 


Step 1 Protonation of the nitric acid—In this reaction nitric acid acts in an unusual role, as a 
base. The stronger acid, sulfuric acid, protonates the nitric acid. 


O O о O 
| ЈА || + // 
x =н H—O-N -- >» за а: + H—0-N- 
/ X 
о o` (0) H о” 
Step 2 Water is lost. 
А P 
МЕЛ | 
He ——- но + ү + 
-— | 
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Alkylation The usual method for performing alkylation of benzene and its derivatives is the 
Friedel-Crafts reaction. The electrophile is produced by the reaction of an alkyl halide and a 
Lewis acid catalyst, usually aluminum chloride. The reaction of the two produces a Lewis acid- 
base complex, is shown in Figure 18.6. 

The Lewis acid-base adduct reacts like a carbocation, that is, as we would expect it to 
react if the second resonance structure best described its actual structure. However, the 
degree to which the Lewis acid-base adduct is an actual source of a free carbocation depends 
on a number of factors. Among these are the stability of R* and the solvent used. For exam- 
ple, a more polar solvent will stabilize a free carbocation better than will a nonpolar solvent. 
Free carbocations are implicated as actual intermediates in at least some Friedel-Crafts reac- 
tions, since skeletal rearrangements are observed. In these reactions, the second resonance 
structure of Figure 18.6 must be the more dominant one. We saw earlier (Chapter 7) that 
rearrangements are common in reactions involving carbocations. Two examples of Friedel- 
Crafts reactions that are accompanied by rearrangement of the alkyl group are shown in 
Equations 18.3 and 18.4. 


C(CH3);,CH; CH; 
Бы egi Hir anm 
AIG, 0° 
2-methyl-2-phenylbutane 
70% yield (Eq. 18.3) 
CH4CH;CH;CI CH;CH;CH; CH(CH3); 
— + 
AlCl}, 0° Ly 
1-phenylpropane 2-phenylpropane 
35% yield 65% yield 
(Eq. 18.4) 


In Equation 18.4 the major product arises from a rearranged carbocation intermediate, while 
the minor product is formed from the unrearranged carbocation. 

The Friedel-Crafts reaction serves as a useful means of alkylating an aromatic ring with a 
carbocation or carbocation equivalent prepared from a haloalkane. There are other methods for 
generating carbocations (we saw several in earlier chapters), and some of these are useful for the 
synthyesis of alkylated aromatics. Four examples are shown in Equations 18.5-18.8. 


+ -- -- 
R—CI АКБ | —— R—CI—AICl, <> . R*«CI—AICI 


Ғісиве 18.6 Formation of the electrophile in Friedel-Crafts alkylations. 
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PhCH,OH CH Ph 
— 
HF 
diphenylmethane 
65% yield (Eq. 18.5) 
C(CH 
(CH3,C — CH; (CH3)3 
— 
H5SO, 
tert-butylbenzene 
8096 yield (Eq. 18.6) 
H5SO, 
+ — 
cyclohexene phenylcyclohexane 
75% yield (Eq. 18.7) 
CH(CH3)CH;CH; 
BF; 
+ HOCH;CH;CH;CH; У— 
]-butanol 2-phenylbutane (Eq. 18.8) 
80% yield 


The reaction in Equation 18.8 involves a carbocation formation and rearrangement. 

Each of the reactions in Equations 18.5—18.8 requires ап acid catalyst (Brgnsted or Lewis). 
However, not all acids are suitable for the reaction. For example, consider an attempt to pre- 
pare cumene by the reaction of benzene with propene in the presence of an acid HX. 
Protonation of the propene by HX results in the formation of the 2-propyl cation. Reaction of 
the benzene with the 2-propyl cation will lead to the formation of cumene. However, the anion 
present, Х>, can also react with the 2-propyl cation to form a useless side-product, as illustrated 
in Figure 18.7. 

We see that if X- is a sufficiently potent nucleophile, it competes with benzene for the capture 
of the 2-propyl cation. Thus, acids whose conjugate bases are reasonable nucleophiles (e.g., HI, 
HBr, НСІ) are not appropriate if the intent is to effect electrophilic aromatic substitution. However, 
H5SO, and HF often work well since both acids have conjugate bases that are only weakly 
nucleophilic. Several examples of the use of these acids were shown earlier, and another example 
is illustrated in Equation 18.9. 
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+ 
оз» | 
н 
Ж Ж“ 
HjC—C—CHs +X — —- CH,CHXCH, 


H 
Figure 18.7 Reaction of propene with HX. Although the carbocation is required in order 


to achieve electrophilic aromatic substitution, it may be captured by an anion 
prior to reaction with the aromatic ring. 


m. 
R 


an acyl group 
|| О 
| (an acyl halide) | 


AICI 5 


overall acylation of benzene 


Figure 18.8 Acyl groups and acylation. 


СН(СН;); 
ИИ Ж сн, 


во” 


2-phenylpropane 
7596 yield (Eq. 18.9) 


Acylation Acylation refers to the introduction of an acyl group into a compound, as illus- 
trated in Figure 18.8. 

The acylation of benzene and its derivatives is accomplished by treating them with an active 
acyl reagent such as an acyl halide and a Lewis acid catalyst, usually aluminum chloride. The 
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Formation of the Acylium lon 


Step 1 Formation of a complex between the acyl chloride and the aluminum trichloride 


О О 
| z^ ue — 4 | 


С + - 
R^ та в СУС АЮ, 


Step 2 Dissociation of ће complex—In the second resonance structure for the acylium ion (in 
which the positive charge is located on oxygen) there are complete octets of electrons on 
both carbon and oxygen. This resonance structure is particularly stable, and is consistent 
with the greater stability of an acylium ion compared with an ordinary carbocation. 


О 
T + + 
C. + = — R—C=O <-> R—C=O 
R^ Si — АС 
АС 


reaction of the acyl halide with the Lewis acid generates the highly electrophilic acylium ion. 
The mechanism of formation of the acylium ion is highly analogous to that for the alkyl carbo- 
cations in the Friedel-Crafts reaction. 

Rearrangements of the type found in the Friedel-Crafts alkylation reaction do not occur in 
acylation reactions. An acylium ion is already relatively stable; no hydride or alkide shift can 
lead to a more stable ion. 

Acid anhydrides, such as acetic anhydride (18.1) also react with aluminum halides to give 
acylium ions. Acid anhydrides therefore constitute alternative starting reagents to acyl halides 
for effecting acylation of an aromatic ring. 

In the reaction of an acylium ion with benzene and its derivatives, the acylium ion substi- 
tutes for one of the hydrogen atoms of the aromatic ring. Three examples of this type of reaction, 
known as Friedel-Crafts acylation, are shown in Equations 18.10-18.12. 


о о 
|| || 
њс“С~о7С~сна 


acetic anhydride 
18.1 
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1 
CH34COCI СА cH Б 
— с 
AICI, 
acetophenone 
95% yield (Eq. 18.10) 
1 1 
| | С- сн“ € 
CIC — (CH5)4 — ССІ 
ои 
АС 
1,6-diphenyl-1,6-hexanedione 
8096 yield (Eq. 18.11) 
CH,CH,CH,COCI 
AICI, 
—— 
O 
4-phenylbutanoyl chloride c.-tetralone 


90% yield (Eq. 18.12) 


In the reaction shown in Equation 18.11, a diacid halide reacts with two equivalents of 
benzene. In the reaction shown in Equation 18.12, the reaction is intramolecular. The acid chlo- 
ride unit is located on a side chain of the aromatic ring. Intramolecular reaction leads to formation 
of a new ring. 

For these reactions it is necessary to use a full equivalent amount of aluminum chloride rather 
than a catalytic amount. The ketone product that forms associates with aluminum chloride, as 
shown in Figure 18.9, preventing it from serving as a catalyst for continuing reaction. 


Figure 18.9 Association of a ketone with aluminum chloride. This association prevents 
the aluminum chloride from playing a catalytic role in Friedel-Crafts acylation 
reactions. An equivalent of the aluminum chloride is tied up and removed 
from the continuing reaction scheme by interaction with the carbonyl 
oxygen. 
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O О" о O O 
| 2+| «I В] 
| о — ia <-> m — - <> |“ 
О О О О (0) 


Figure 18.10 Resonance structures for sulfur trioxide. More than eight electrons сап be 
associated with the valence level in some of these resonance structures since 
sulfur, with available d orbitals, can accommodate more than an octet of 
valence level electrons. 


Sulfonation The structure of sulfur trioxide corresponds to the average of several resonance- 
contributing forms which are shown in Figure 18.10. In four of the resonance structures for sulfur 
trioxide there is an electron deficiency at sulfur. This deficiency is in accord with the ability of 
sulfur trioxide to function as an electrophile in electrophilic aromatic substitution reactions. 
Sulfonations are performed with sulfur trioxide dissolved in sulfuric acid (this mixture is known 
as fuming sulfuric acid). An example is shown in Equation 18.13. 


CH3 CH3 
SO; 
— 
Н,804 
SO3H 
toluene p-toluenesulfonic acid 
100% yield (Eq. 18.13) 


18.7 ENERGETICS ОҒ ELECTROPHILIC AROMATIC 
SUBSTITUTION: REACTION PROGRESS DIAGRAMS 


As we have seen, electrophilic aromatic substitution reactions proceed by a mechanism consist- 
ing of two important steps: 


1. Attachment of the electrophile to the aromatic ring, with a loss of aromaticity and for- 
mation of an intermediate benzenonium ion. 


2. Rearomatization by loss of a hydrogen ion to some base. 


The first of these steps is generally much slower than the second since the loss of aromaticity 
is a relatively high energy process compared to rearomatization. Moreover, the loss of a hydrogen 
ion for rearomatization occurs faster than reversal of the first step (losing the electrophile). These 
steps are illustrated in the reaction progress diagram in Figure 18.11. 
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Energy 


Reaction coordinate > 


Ғісиве 18.11 Reaction progress diagram for electrophilic aromatic substitution. 


The reaction progress diagram in Figure 18.11 holds for most electrophilic aromatic susbtitu- 
tion reactions. An exception is sulfonation, in which the loss of E* and H* from the intermediate 
benzenonium ion occur at similar rates. We will say more about the sulfonation reaction later in 
our discussion. 


18.8 THE EFFECT OF EXISTING SUBSTITUENTS ON THE 
RATES AND ORIENTATION OF ELECTROPHILIC 
AROMATIC SUBSTITUTION REACTIONS 


Substituents already present on an aromatic ring profoundly influence the electrophilic aromatic 
substitution reactions. There are two particularly important ways in which these substituents 
affect the reaction. First, substituents influence the rate at which the substitution reaction occurs. 
Second, they affect the position (or positions) of the aromatic ring at which the substitution reac- 
tion occurs. 

Let’s consider some specific examples. Under the same experimental conditions, toluene 
reacts with electrophiles (e.g., bromination using bromine and FeBr3) more rapidly than does 
benzene, but nitrobenzene reacts more slowly than does benzene (see Figure 18.12). Continuing 
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NO; CH; 


slowest fastest 


relative rates of reaction 
with electrophiles 


Figure 18.12 Relative rates of reaction of aromatics with electrophiles. A methyl group 
on the aromatic ring causes reaction to proceed more rapidly than it does 
with benzene itself. On the other hand, a nitro group causes the reaction to 
proceed more slowly than it does with benzene. 


TaBLE 18.2 Substituent Effects on Electrophilic Aromatic Substitution. 


o,p—Directing Groups m-Directing Groups 
Strongly activating Strongly deactivating 
-МН;, -NHR, -МЕ;, -ОН, -ОК —МО», —СЕз, 0/07) 8 Фока 


—С(О)К, —S0;H, GN 
Weakly activating 


—В, —Ph 
Weakly deactivating 
= «О, = Bir, Sl 


from these observations, we classify the methyl group of toluene as an activating group (rela- 
tive to hydrogen) for electrophilic aromatic substitution, and the nitro group as a deactivating 
group for the same type of reaction. 

There is another major difference between the reactions of toluene and nitrobenzene with elec- 
trophiles. We can observe this difference by comparing the products of nitration (or bromination) 
of each material. Nitration of toluene produces mainly o-nitrotoluene and p-nitrotoluene, with only 
small amounts of m-nitrotoluene. On the other hand, nitration of nitrobenzene leads principally to 
m-dinitrobenzene. We say that the methyl group is an ortho, para-directing group while the nitro 
group is a meta-directing group. АП substituents can be classified as o,p-directing or m-directing. 
In Table 18.2 we classify commonly encountered substituents according to their rate effect and 
directing effect. When using the data in Table 18.2 to deduce the effect of a substituent, remember 
that the effect pertains to the substituent already present on the ring rather than to the incoming 
group. 

Comparison of the activating/deactivating influences of substituents with their о, т, p-directing 
influences reveals that all m-directors are also deactivating. Conversely, most (but not all) o, 
p-directors are activating; the important exceptions are the halogens, which are o,p-directors but 
are weakly deactivating. 
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These effects result from the electronic natures of the substituents. It is helpful to divide their 
electronic effects into two classes, inductive effects and resonance effects. Inductive effects are 
associated with the electronegativity of the atom or atoms present in the substituent and are gen- 
erally transmitted through the o-bonding framework. Resonance effects are transmitted through 
the m-bonding system of the molecule. (REMEMBER—electronegativity relates to the ability of 
an atom to attract an electron-pair in a bond.) 

Let’s comapre these two effects for a chlorine atom substituent on a benzene ring. Chlorine is 
one of the most electronegative elements and has a powerful inductive electron-withdrawing effect 
on those atoms to which it is bound (other than oxygen and fluorine). The electronegativity of chlo- 
rine causes a polarization of the bond linking chlorine to the adjacent atom, as well as being 
transmitted to other nearby bonds. All of this is involved in attracting electron density toward the 
chlorine atom. Thus, in chlorobenzene the chlorine atom causes electron density to be removed 
from the benzene ring. This inductive effect renders chlorobenzene less reactive toward elec- 
trophiles than is benzene. The aromatic ring in benzene is electron rich compared to that of 
chlorobenzene and is more susceptible to attack by an electrophile. Electrophiles seek an electron- 
rich site, so any factor that diminishes the electron density of the aromatic ring reduces its 
reactivity toward electrophiles (see Figure 18.13). 

The electronegativity of chlorine accounts for the observed deactivating effect of a chlorine 
atom on an aromatic ring. However, the ability of a chlorine atom to exert an electron-donating 
effect through т electron resonance partly offsets the inductive deactivating effect. Electron den- 
sity can be transferred into the ring by interaction of the orbitals holding the non-bonding 
electron pairs on chlorine (3p orbitals) with the (empty) antibonding molecular orbitals of the 
aromatic ring. For this substituent the resonance effect is in the opposite direction from the 
inductive effect. We can see this by considering the resonance structures we can draw for 
chlorobenzene. These resonance structures indicate electron donation specifically to the ortho 
and para positions of the ring relative to the chlorine (see Figure 18.14). 

While the inductive effect of a halogen atom outweighs its resonance effect, the reverse is 
true for many other substituents. For example, a hydroxyl group is overall an activating group 
for electrophilic aromatic substitutions. Its electron donating resonance effect is stronger than 
the electron-withdrawing inductive effect associated with the electronegative oxygen atom. 


Cl 5- 
СІ 
because of its as a result, the 
high electronegativity, benzene ring becomes 
chlorine attracts somewhat deficient 
electron density away of electron density 


from the benzene ring 


Ғісиве 18.13 Inductive effect of a chlorine atom substituent оп a benzene ring. 
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CI ст сі" ст 


Figure 18.14 Resonance effect of a chlorine atom substituent on a benzene ring. Three 
of the resonance structures show a positively charged chlorine and a 
negatively charged benzene ring. The resonance effect tends to make the 
ring electron rich and thus operates in a direction opposite that of the 
inductive effect. The inductive effect is slightly stronger (although this is not 
predictable on any simple basis), so the net effect of the chlorine is one of 
electron withdrawal and deactivation. Notice that the negative charge in 
each of the three charge-separated resonance structures is located only at 
the positions ortho and para relative to the chlorine substituent. These are 
the positions preferentially attacked by electrophiles. 


Similarly, alkoxy groups and amino groups exert an electron-donating resonance effect that is 
stronger than the electron-withdrawing effect associated with the electronegative oxygen or 
nitrogen. 

In exploring the resonance effect of a substituent on the ring position at which electrophilic 
aromatic substitution occurs, we must look at the intermediate arenonium ion. Consider 
chlorobenzene undergoing such a reaction with a generalized electrophile, E*. If the initial addi- 
tion occurs at a position ortho or para relative to the chlorine substituent, we can draw resonance 
structures with a formal positive charge on chlorine as well as on the ring carbons. That is, by 
resonance, chlorine can donate electron density to the ring, and the positively charged system is 
stabilized by the delocalization of the positive charge over a larger region of space, i.e., off the 
ring. We say that the chlorine atom stabilizes the positive charge of the intermediate species by 
delocalizing it over a larger region of the molecule. The resonance structures that involve a pos- 
itive charge on the chlorine atom are particularly significant since each atom of the arenonium 
ion (other than hydrogen) bears a full octet of valence electrons. These structures are shown 
in Figure 18.15. 

If we consider attack of the electrophile at the meta position relative to the chlorine, we find 
that no resonance structure with positive charge on chlorine is possible. The resonance structures 
that can be drawn are shown in Figure 18.16. (The student will note that we have at times used 
resonance structures—a valence bond concept—and at other times molecular orbital concepts. 
In this instance, as with many others, the molecular orbital concept gives equivalent answers to 
those provided by the visually simpler resonance structure method.) 

The relative rates of ortho, meta, and para substitution determine the ratio of ortho-, meta-, 
and para-substituted products. These rates depend on the relative stabilities of the corresponding 
activated complexes and therefore (according to the Hammond postulate) on the relative 
stabilities of the corresponding arenonium ion intermediates. The observed preference for ortho 
and para substitution when chlorobenzene undergoes electrophilic attack thus correlates with 
the greater stability of the ortho- and para-substituted arenonium ions. This greater stability is 
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ortho attack 


Cl Cl Cl 
H H H H 
E <> E => СУ Е <-> Е 
+ + 


para attack 
+ 


Cl Cl Cl Cl 
<> <> <> 
+ + 
H E H E H E H E 


Figure 18.15 Resonance structures for the arenonium ion produced by ortho and para 
attack on chlorobenzene. In each instance, the final resonance structure is 
particularly significant because all atoms have a complete noble gas 
electronic configuration. 


Cl Cl CI 
+ + 
<-> <-> 
H H H 
E E + E 


Figure 18.16 Resonance structures for the arenonium ion produced by meta attack on 
chlorobenzene. Only resonance structures in which the positive charge 
resides on the ring can be drawn. The charge can not be delocalized off the 
ring onto the chlorine atom. 


correctly predicted by comparing resonance structures for the different substituted arenonium 
ions, as shown in Figure 18.15 and Figure 18.16. We see that the product distribution in these 
electrophilic aromatic substitution reactions are determined by the kinetics of the reaction rather 
than by thermodynamics. The relative stabilities of the ultimate products are unimportant (and 
do not correlate) for determining the relative amounts of each formed in these reactions. Rather, 
they are kinetically controlled product distributions, depending on the relative stabilities (and the 
activation energies for reaching) of the high-energy intermediates. 

In Figure 18.17 are compared the competing para and meta substitution reactions for 
chlorobenzene using a reaction progress diagram. 
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Cl 


+ Et 


Reaction coordinate г» 


FIGURE 18.17 Reaction progress diagram for competing processes in electrophilic aromatic 
substitution of chlorobenzene. The meta and para positions compete for 
substitution. The arenonium ion leading to para substitution is lower in 
energy (more stabilized) than that leading to meta substitution. Applying the 
Hammond postulate, we expect (and find) that the more stable arenonium 
ion forms more rapidly. 


It is important to note that any substituent with an unshared electron pair on the atom 
attached directly to the aromatic ring can exert an electron-donating resonance effect. All such 
substituents stabilize the arenonium ion intermediates for ortho and para substitution relative to 
that for meta substitution and therefore lower the activation energy for their formation 
(Hammond postulate). All such substituents are therefore ortho- and para-directing. 

We will now consider further aspects of the role of substituents in electrophilic aromatic 
substitution. 


ALKYL SUBSTITUENTS 


Alkyl substituents are slightly activating toward electrophilic aromatic substitution. Furthermore, 
they are ortho/para directors. We can use resonance structures to account for this regioselectiv- 
ity. Consider, for example, elecrophilic aromatic substitution on toluene with the generalized 
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Special Topic 


Nitrosobenzene 


М-О 


Nitrosobenze 


Nitrosobenzene, when pure, is a colorless solid. However, it undergoes a dramatic color change when 
melted or dissolved in a solvent. When we melt the solid, we get a green liquid, and when we dissolve 
in a solvent we get a green solution. Green is not a very common color in organic chemistry, so the 
color changes are quite unusual and spectacular. On evaporating the solvent from a solution of 
nitrosobenzene or on cooling melted nitrosobenzene we get back the original colorless solid. 

The explanation for these effects is that in the solid state nitrosobenzene exists as a dimer, (РАМО);, 
which is colorless. Dissolving the substance in a solvent or melting it produces the monomer, PhNO, 
which is green. 


electrophile, E+. Resonance structrues for the intermediate arenonium ions resulting from attack 
at each of the three (ortho, meta, para) types of sites are shown in Figure 18.18. 

Only if ortho or para attack occurs is it possible to have a resonance structure in which 
the positive charge is located on the ring carbon bearing the methyl group. In such an instance 
the arenonium ion has a contributing structure that has 3? carbocation character. Further, 
remembering our concept of stabilization of carbocations through adjacent C-H o bonding 
electron (molecular orbital) delocalization, only such structures are capable of this type of sta- 
bilization through delocalization. Thus, the arenonium ion produced by ortho or para attack 
is more stable (and more easily produced) than the arenonium ion produced by meta attack. 


meta-Directing Substituents 


Substituents that have no electron-donating ability through inductive, resonance, or hypercon- 
jugative effects are meta-directing and deactivating toward electrophilic aromatic substitution. 
The more commonly encountered groups of this type were summarized in Table 18.2. 

The reason for the meta-directing influence of such substituents becomes clear if we exam- 
ine the resonance structures for the intermediate arenonium ions arising from ortho, meta, and 
para attack. Consider, for example, the bromination of nitrobenzene, as shown in Figure 18.19. 

For ortho or para attack we can draw resonance structures for the intermediate ion in which 
the positive charge is located adjacent to the electron-withdrawing nitro group. However, with 
attack at the meta position, no resonance structure has positive charge delocalized to the carbon 
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ortho attack 


CH; 
H H H 
— = 
Е Е Е 
+ + 


meta attack 


CH; 


H; CH; CH; 

+ + 
" Qv н 
Е Е + E 
para attack 
3 CH; 3 
<-> <> 
+ + 
H E 


Figure 18.18 Resonance structures for Ше arenonium ion produced by ortho, meta and 
para attack of E* on toluene. Those resonance structures in which the 
positive charge is located on the ring carbon bearing the methyl group are 
emphasized. 


bearing the nitro group. On this basis we anticipate that the meta-substituted ion will be more 
stable (less localization of charge) and more easily produced than the ortho- and para-substituted 
ions, and our prediction agrees with the observed (experimental) results. 

Remember that the nitro group, unlike the amino group, has no unshared valence electron 
pair on nitrogen. The structures of these two groups are shown in Figure 18.20. 

The nitro group can not exert an electron-donating resonance effect like that exerted by the 
amino group. The positive charge of the arenonium ion can not be delocalized off the ring car- 
bons by a nitro group, and furthermore, one of the standard resonance-contributing forms 
(with a charge on the ring) is destabilized by the adjacent positive charge of the nitro-group 
nitrogen, as shown in Figure 18.21. 


672 ORGANIC CHEMISTRY 


ortho attack 


meta attack 


NO, NO, 
+ + 
H < > H 
Br Br 


para attack 


NO, NO, 


NO, 
H 
<> 
Br 
NO, 
< > H 
+ Br 


NO, 
= > 
T 
H Br 


FIGURE 18.19 Resonance structures for the possible arenonium ions іп the bromination of 
nitrobenzene. Those resonance structures in which the positive charge is 
located on the ring carbon directly attached to the nitro group are emphasized. 


nitro group 
о O 
+ / + / 
— NN <-> - қ 
O о 


no unshared electron pair on nitrogen 


amino group 


unshared valence level 
electron pair on nitrogen 


FIGURE 18.20 Structure of nitro and amino groups. An amino group (but not a nitro group) 
has an unshared valence level electron pair associated with nitrogen. The 
amino group, like other groups that have as unshared valence level electron 
pair on an atom bound directly to the aromatic ring, is ortho/para-directing. 
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adjacent positive 


charges— particularly 
unstable and disfavored 


Figure 18.21 Resonance-contributing structures for the arenonium ion formed by para 
attack of an electrophile on nitrobenzene. 


18.9 THE EFFECT OF MULTIPLE SUBSTITUENTS ON 
€LECTROPHILIC AROMATIC SUBSTITUTION 


The effects of more than one benzene ring substituent on the relative rate of electrophilic 
aromatic substitutions are cumulative. For example, xylenes (dimethylbenzenes) are more reac- 
tive toward electrophilic aromatic substitution than is toluene, and cresols (methylphenols) are 
more reactive than either toluene or phenol because each has two activating groups on the ring. 
Similarly, the dinitrobenzenes are less reactive toward electrophiles than is nitrobenzene because 
there are two deactivating groups on the ring. With regard to orientation of reaction, the incom- 
ing electrophile reacts preferentially at the most activated (or least deactivated) position of the 
ring. For example, consider the bromination of p-cresol (Figure 18.22). The major product is 
2-bromo-4-methylphenol because the —OH group activates the position ortho to it more strongly 
than the -CH; group activates the position ortho to it (meta with regard to the -OH group). 

What happens when two unlike groups are present on the ring, one activating and the other 
deactivating (or less activating)? The more activating substituent exerts the greater influence on 
the position taken by the incoming electrophile. Consider as an example the bromination of m- 
nitroanisole. Of the two substituents present, one (-OCHsS) is activating and ortho/para-directing, 
while the other (-NO;) is deactivating and meta-directing. Accordingly, we anticipate that the 
methoxy substituent will have greater influence than the nitro group. The incoming substituent 
will occupy a position ortho or para relative to the methoxy group rather than meta to the nitro 
group. Experimental results are in accord with our prediction, as shown in Figure 18.23. 

In our analysis thus far of electrophilic aromatic substitution reactions we have noted several 
important points: 

1. Substituents present on an aromatic ring activate it or deactivate it toward electrophilic 

aromatic substitution. 


2. Substituents on the aromatic ring influence the position of the ring at which further elec- 
trophilic aromatic substitution occurs. 


674 ORGANIC CHEMISTRY 


OH OH OH 
Вг;,ҒеВг BE 
------- Ж 
Вг 
СН; СН; СН; 
(major) (minor) 
FIGURE 18.22 Bromination of p-cresol. 
ОСН; ОСН; ОСН; OCH; 
Br, КеВгз Br 
----->- > >> 


Br 


Figure 18.23 Bromination of m-nitroanisole. The major products arise from bromine 
substitution ortho and para relative to the methoxy group. Substitution at 
the position between the two original substituents is of low probability 
owing to steric interactions from the two adjacent original substituents 
hindering approach of the reactive electrophile. 


3. Most ortho/para-directing substituents are activating. The halogens are exceptions in 
that they weakly deactivate the ring for further substitution. 


4. All meta-directing substituents are deactivating for electrophilic aromatic substitution 
reactions. 


5. The activating/deactivating and directing effects are a result of the electronic influence 
of the substituents already present. These influences arise from the electronegativities of 
the atoms in the substituent groups and from the ability of the substituent to provide res- 
onance stabilization to the intermediate arenonium ion. 


6. All substituents that are bonded to the aromatic ring by an atom with an unshared 
valence electron pair are ortho/para-directors. The unshared electron pair allows the sub- 
stituent to exert a resonance effect that stabilizes the intermediate arenonium ion formed 
by attack at the ortho or para positions of the ring. 


18.10 MANIPULATION OF SUBSTITUENT GROUPS 


We have not yet given any preparative procedures for the introduction of several of the sub- 
stituents whose activating/deactivating and directing influences we have discussed. Specific 
examples are the amino group (—NH2) and the carboxylic acid group (-СОЭН). There are, in fact, 
no convenient general procedures for introducing these substituents directly onto a benzene ring 
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by electrophilic aromatic substitution. Instead, we must introduce some other substituent by an 
electrophilic aromatic substitution reaction and then modify it to the desired substituent via a 
subsequent reaction. 


INTRODUCTION OF THE AMINO GROUP 


The usual methodology for introducing the amino group (-NH;) onto a benzene ring begins with 
the introduction of a nitro group (using nitric and sulfuric acids). Then, in a subsequent reaction, 
the nitro group is reduced to an amino group. The general approach is shown in Figure 18.24. 

Common methods for converting a nitro group to an amino group include catalytic reduc- 
tion using hydrogen gas, lithium aluminum hydride reduction, and dissolving metal reductions. 
In the latter process we treat the nitro compound with a mildly electropositive metal (commonly 
tin, iron or zinc) in hydrochloric acid. Aqueous sodium hydroxide is added in the workup to lib- 
erate the amine product from its hydrochloride salt. Several examples of these types of reactions 
are shown in Equation 18.14 and Equation 18.15. 

In later discussions we will consider how further changes may be made to an amino func- 
tionality to convert it into other useful functional groups. 


CH; CH; 
Н», Pd/C 
CHCl, 
NO; NH) 
p-nitrotoluene p-methylaniline 
90% yield (Eq. 18.14) 
Br S Br Br 
с=с aq. NaOH 
HCl 2 
NO, ҺАН; МН, 
m-nitrobromobenzene СІ” СИЕ 
80% yield 
(Eq. 18.15) 
H,SO, . 
Ar—H ------5- Ar—NO, Би Ше Ar— NH, 
HNO; 


FIGURE 18.24 Introduction of the amino group onto an aromatic ring. 
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INTRODUCTION OF THE CARBOXYLIC AcID GROUP 


The oxidation of alkyl benzenes is a useful approach for the synthesis of carboxylic acids. 
We usually perform the oxidation using hot, aqueous potassium permanganate or a Cr(VI) 
reagent. Common chromium reagents include hot, aqueous acidic dichromate solution or 
chromium trioxide in aqueous sulfuric acid, although many other oxidizing agents can also be 
used successfully. Examples of the use of permanganate and Cr(VI) reagents are shown in 
Equations 18.16-18.18. 

These reactions are referred to as side-chain oxidations. The alkyl group, regardless of 
length, is converted to a carboxylic acid group attached directly to the aromatic ring. The reac- 
tion mechanism is quite complex, involving intermediate radicals. For the oxidation reaction 
to proceed, there must be at least one benzylic carbon-hydrogen bond in the alkylbenzene, as 


COH 
NE c не i 
KOH, ^ KOH,H,O . 
o-chlorotoluene (aq. acid o-chlorobenzoic acid 
workup) 78% (Eq. 18.16) 
COH 
ЖР... ан BN но; 
^ HjSO, heat - heat 
NO; 
2,4,6-trinitrotoluene 2,4,6-trinitrobenzoic acid 
60% (Eq. 18.17) 
CH2CH3 COH 
__ е 
Бо heat heat 
ethylbenzene benzoic acid 
85% (Eq. 18.18) 


shown in Figure 18.25. As a consequence, tert-butylbenzene is resistant to side-chain oxida- 
tion since there is no benzylic hydrogen present. 

At times, the products of side-chain oxidation of an unknown benzene derivative have been 
used to infer the pattern of substituents around the original substituted benzene ring. Since a 
carboxyl group in the product indicates the presence of an alkyl group in the starting material, 
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b 
a | c 
b / COH 


ó—c 


Figure 18.25 Oxidation of a side-chain оп a benzene ring. At least one of the substituents 
on the benzylic carbon (a, b, or c) must be a hydrogen for oxidation to occur. 


Br FPM Br 
Cy ЕТТІМ С’. C 
Оз OH 
FIGURE 18.26 Synthesis of bromonitrobenzene from benzene. The sequence in which the 
synthetic operations are performed is of paramount importance, as shown in 


the example here. Reversal of the order of procedures leads to a different 
product. 


the pattern of carboxyl groups on the product ring tells us the location of the original sub- 
stituents. Of course, this approach works only if we can identify the structures of the product 
carboxylic acids. Fortunately, we can usually relate the physical characteristics of these prod- 
ucts (such as melting temperature and elemental composition) to the structures of known 
carboxylic acids. 


18.11 SUBSTITUENT DIRECTING EFFECTS AND THE 
ORDER OF SYNTHETIC OPERATIONS 


Because substituent groups have different directing influences, it is important to realize that a 
different sequence of synthetic operations can result in the formation of different products. For 
example, if we first nitrate benzene and then brominate it, the major product is m-nitrobromoben- 
zene. However, if we reverse the sequence of operations, г.е., we perform the bromination first 
followed by the nitration, the major products are o-nitrobromobenzene and p-nitrobromobenzene, 
as illustrated in Figure 18.26. 
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18.12 SULFONATION AND DESULFONATION 


Reversal of electrophilic aromatic substitution is difficult. For example, there are no simple one- 
step methods for converting toluene or nitrobenzene to benzene. (They can be done, but require 
several steps.) Sulfonation, however, is exceptional in its relative ease of reversal. 

In order to reverse an electrophilic aromatic substitution reaction the normal sequence of 
mechanistic steps would need to be reversed. To initiate the process we would need to add H* to 
a substituted benzene to generate the arenonium ion, as illustrated in Figure 18.27. The arenon- 
ium ion must then lose Et to form the unsubstituted benzene. However, in most instances the 
energy of activation for the removal of E* is too high for the process to occur at a significant rate. 
Elimination of H* occurs instead, since that process has a lower activation energy. However, the 
arenonium ion containing the sulfonic acid functional group eliminates H* or SO; with approx- 
imately equal ease, as illustrated in the reaction progress diagrams in Figure 18.28. 

Treatment of benzene with sulfuric acid establishes the equilibrium as shown in 
Equation 18.19. If we wish the reaction to proceed in the forward direction (as written), we 
use fuming sulfuric acid and continuously remove water from the reaction system by 
azeotropic distillation with benzene. (A procedure for the removal of water by azeotropic 
distillation is discussed at the end of this section.) If we wish the reaction to proceed in the 
reverse direction, we treat the sulfonic acid with dilute sulfuric acid and steam so as to drive 
the equilibrium to the left-hand side. 


t Н,804 » + H,0 


SO3H (Eq. 18.19) 


It is also possible to replace a sulfonic acid group with a hydroxyl group to produce a phenol, 
ArOH. This type of reaction is known as an alkali fusion reaction and is shown in Figure 18.29. 
The alkali fusion reaction involves heating the sulfonic acid with sodium hydroxide at ~300°C. 
These conditions are quite drastic and are obviously unsuitable when the molecule contains 
other substituent groups that react with hydroxide ion. 


+ 
E Ht H E 
FIGURE 18.27 Proposed method of reversing an electrophilic aromatic substitution. Acid 


is required so that H* can add to the carbon bearing the substituent that is 
to be removed. 


CHAPTER 18 4 REACTIONS OF BENZENE AND ITS DERIVATIVES 


Sulfonation 
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reverse reactions 
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FIGURE 18.28 Comparison of reaction progress diagrams for sulfonation and other typical 


electrophilic aromatic substitution reactions. 


680 ORGANIC CHEMISTRY 


CH; CH; CH; 
H,SOJH;O KOH acid 
<< ———— — ---->- 
steam 300°C workup 
SO3H OH 
desulfonation alkali fusion reaction 


Figure 18.29 Two methods for the removal of a sulfonic acid linkage from an aromatic 


ring. 
R R 
АС +- 
Ar—N: — r Ar — N — МС 
H H 
activating group deactivating group 


Figure 18.30 Reaction of a Lewis acid (AICI3) with an amino group attached to an 
aromatic ring. 


18.13 SOME LIMITATIONS IN THE SYNTHESIS OF 
BENZENE DERIVATIVES 


When planning syntheses of benzene derivatives, we must keep in mind a number of important 
limitations and caveats: 


1. The order of operations in a multistep synthesis is crucial. We have already looked at one 
example. Bromination of benzene followed by nitration gives mainly ortho- and para- 
substituted products. The reverse order, nitration followed by bromination, gives mainly 
meta product. 


2. Some groups are so strongly deactivating that certain types of electrophilic aromatic sub- 
stitution reactions do not occur. In particular, Friedel-Crafts alkylations do not occur on 
benzene derivatives that are as deactivated as nitrobenzene. For this reason nitrobenzene 
proves to be a useful solvent for many Friedel-Crafts reactions on other aromatic com- 
pounds. The nitro group so deactivates the ring that alkylation does not occur. 
Nitrobenzene also has a high boiling temperature, allowing the reaction to be performed 
at relatively high temperatures, a necessity for some Friedel-Crafts reactions. 


3. Friedel-Crafts alkylation is also impossible if the benzene ring contains an amino group 
(NH2) or a substituted amino group (NHR ог NR;). The unshared valence level elec- 
tron pair of the nitrogen is basic and reacts with the Lewis acid catalyst, as shown in 
Figure 18.30. 


4. Nucleophilic displacement of groups from a benzene ring is not a common process. 
For example, the halobenzenes are essentially inert to the type of nucleophiles that 
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bring about Syl апа Sy2 reactions on alkyl halides. Aryl halides undergo nucleophilic 
substitution reactions only under special circumstances that we will discuss later. We 
can understand this general inert character toward such reactions in terms of a hindered 
approach for attack at the back-side of the carbon-halogen bond, as is required for the 
932 reaction, and the electrostatic repulsion experienced by the nucleophile upon 
approaching the electron-rich aromatic ring. Similarly, phenols do not yield aryl 
halides under the same type of conditions that converts alcohols to haloalkanes; this 
type of reaction also requires nucleophilic displacement (of H5O) from the aromatic 
ring. The Syl reaction is unfavorable because the СН ion is difficult to form, (it is 
relatively unstable). 


. We must take care to ensure that a synthetic plan is not flawed by incompatibilities of the 
groups present. For example, if a synthetic plan involves the preparation of an aryl 
Grignard reagent from an aryl bromide, we must be sure that other functional groups in 
the aryl bromide can not cause problems by reacting with the Grignard site. 


Let's consider an example. Suppose we wish to convert an aryl bromide, Ar—Br, to an alco- 
hol, Ar-CH;-CH;-OH. An appealing strategy would be conversion of the aryl halide into a 
Grignard reagent, followed by reaction with ethylene oxide and workup with aqueous acid, as 
shown in Figure 18.31. This strategy works well as long as there are no functional groups pres- 
ent in the aryl halide that can react with a Grignard reagent. However, the presence of a 
substituent such as a hydroxyl group on the aromatic ring would cause a problem. The hydroxyl 
group can transfer a proton to the Grignard reagent, thereby destroying it. Similarly, substituents 
that contain carbonyl groups would invalidate the synthetic strategy since they too react with 
Grignard reagents. The substituents shown in Table 18.3 react with Grignard reagents and there- 
fore must not be contained in the halogen compound used to prepare a Grignard reagent. 


O 


Mg ДА H30* 


Ar—Br | — — —» Аг-МоВ г ----5- — (Аг-СН;СН;ОН 


ether 


FIGURE 18.31 Proposed synthesis of a B-arylethyl alcohol from an aryl bromide. 


ТАВІЕ 18.3 Substituents That Are Reactive with Grignard Reagents. 


—NO; 
-С-О of aldehyde or ketone 
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Special Topic 


Removal of Water by Azeotropic Distillation 


There are many reactions that proceed in low yield because of an unfavorable equilibrium. The for- 
mation of aromatic sulfonic esters is one example of this class of reactions. When faced with an 
unfavorable equilibrium in preparing a compound, we have several methods to improve matters, all 
based on Le Chatelier’s principle. 

We can attempt to use an excess of one of the starting materials, or we can constantly remove one 
of the products as it is formed, or we can do both. For reactions that form water as a by-product, we 
can cause the equilibrium to shift toward the product side (and thereby improve its yield) by constantly 
removing the water as it is formed. Water can be removed by azeotropic distillation using a Dean-Stark 
water separator. This is simply a reflux condenser that is offset from the top of the reaction flask such 
that the condensed distillate is dropped into a trap outside the reaction area where the azeotrope sepa- 
rates into two layers, the more dense water is the lower layer trapped in the side-arm, while the less 
dense solvent (most simple organic solvents are less dense than water) is returned to the reaction flask. 

In the reaction process, an inert solvent with the reactants is heated in a round-bottomed flask and 
the distillate fills the side-arm of the water separator. On heating, the refluxing vapors consist of an 
azeotropic mixture of the solvent and water produced in the reaction. When these vapors condense 
in the reflux condenser, they return as a liquid mixture of the solvent and water to the side-arm. The 
water, being the denser of the two materials, sinks to the bottom of the side-arm. The solvent simply 
overflows back into the reaction flask. As the reflux continues, more and more water collects in the 
side-arm helping the reaction to reach completion. The side-arm of a Dean-Stark trap is generally 
calibrated in volume units to allow a calculation of the extent to which reaction has occurred. 


Another caution to be observed is concerned with the performance of the Friedel-Crafts acy- 
lation. Suppose we wish to incorporate the -CHO (aldehyde) functionality on an aromatic ring. 
There are several ways we can accomplish this, but unfortunately the simplest one we might 
think about will not work. We can not do a fundamental Friedel-Crafts acylation using formyl 
chloride [HC(O)CI] or formic anhydride [HC(O)OC(O)H] for the simple reason that these 
reagents do not exist; attempts to prepare them fail as they do not hold together. However, we 
have available a mixed anhydride (we will discuss anhydride syntheses in later discussions), 
formic acetic anhydride [H3C(O)OC(O)H], which can be used to transfer specifically the formyl 
group rather than the acetyl group in this reaction. 


18.14 THE BENZVLIC POSITION 


STRUCTURE AND STABILIZATION 


We often refer to the benzylic position, benzyl derivatives, benzyl radicals, and benzyl 
cations in discussions of certain types of aromatic compounds. Although we have met some of 
these terms earlier, we will review them all here. 

In an alkylbenzene we classify the carbon attached to the benzene ring as the benzylic position. 
Benzyl derivatives are compounds in which some substituent is attached to the benzylic carbon 
atom. Benzyl radicals, cations, and anions have, respectively, an unpaired electron or a charge of 
1+ or 1– at the benzylic carbon. These classifications are summarized in Figure 18.32. 
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It is also common to label carbon atoms on a benzene side chain as a, В, or y, etc., relating to 
their position relative to the aromatic ring. The benzylic carbon site is the oc-position, as shown in 
Figure 18.33. 

Benzyl radicals, cations, and anions bear a greater stability and ease of formation than do 
corresponding species that are not adjacent to an unsaturated unit. These characteristics are an 
expected consequence of the delocalization of the odd electron or charge onto the aromatic ring. 
For example, resonance structures illustrating this point for the benzylic cation are shown in 
Figure 18.34. 


Free RADICAL HALOGENATION AT THE BENZYLIC POSITION 


Consider an alkylbenzene being treated with chlorine or bromine in the absence of a Lewis 
acid catalyst. (Alternatively, we can use halogen and light, again with no Lewis acid present, 
or N-bromosuccinimide.) Although electrophilic aromatic substitution of the ring does not 
occur under these conditions, they are appropriate for free radical halogenation to occur on 


/ / 


ТАН MC Ar—C+ Ar— Cr 
benzylic benzylic benzylic benzylic 
carbon atom radical cation anion 


Figure 18.32 Benzylic systems. 


Ғісиве 18.33 Classification of carbon atoms along an alkyl side-chain of a benzene ring. 


+ 
“с “с GT “с 
P" + 
<> <> <> 
+ 
Figure 18.34 Resonance structures for a benzylic cation. Similar resonance structures can 
be drawn for benzylic radicals and benzylic anions. 
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the side-chain. The major halogenated product from such a reaction is one in which halogen 
takes the place of one of the benzylic hydrogen atoms, as shown in Figure 18.35. A typical 
reaction of this type is the production of 1-chloro-1-phenylethane from ethylbenzene on irra- 
diation in the presence of chlorine, as shown in Equation 18.20. Three steps are involved in 
the formation of the major product. The chlorine atom produced in Step 3 of the mechanism 
sets into motion another cycle of reaction. 


CH,CH3 CHCICH; CH5CH;CI 
= о © 
hv 
ethylbenzene ]-phenylchloroethane 2-phenylchloroethane 
9146 yield 396 yield 
а, В (Eq. 18.20) 


REACTIVITY or BENZYLIC HALIDES TOWARD NUCLEOPHILES 


Benzylic halides have reactivities toward nucleophiles that are similar to those of the corresponding 
allylic halides. Reaction may occur via either the Sy] or $42 mechanism. 

The Syl reaction of benzylic halides occurs much more rapidly than similar reactions of 
nonbenzylic halides. Some examples of relative reactivity are given in Table 18.4. The facility 
of the latter two reactions shown in Table 18.4 is associated with the improved stability of ben- 
zylic carbocations relative to nonbenzylic carbocations. Substituents on the ring also profoundly 
affect the stability of a benzylic carbocation. For example, a p-methoxy group greatly stabilizes 


Cl, 
Ar—C—H -------->- Ar С —CI 
| light or heat | 


Figure 18.35 Resonance structures for а benzylic cation. Similar resonance structures can 
be drawn for benzylic radicals and benzylic anions. 


ТавіЕ 18.4 Relative Rates of Hydrolysis of Various Halides via 5,1 Reactions. 


Compound Relative Rate 

(CH3)3C—Cl 1 
tert-butyl chloride 

Ph-C(CH3);CI 620 
tert-cumyl chloride 

Ph3;C-Cl >600,000 
trityl chloride 


Rates were measured in aqueous acetone at room temperature. 
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Benzylic chlorination of an Alkylbenzene 
Step 1 Production of the chlorine atoms (chain initiation) 


hv 


Cl, 2 СЕ 


Step 2 Abstraction of a hydrogen atom from the benzylic carbon atom (chain propagation) 


| ci 
light or heat 


Step 3 Reaction of the benzylic radical with chlorine (chain propagation) 


Аг— С. + CL ----> Аг--С--СІ + СІ: 


а benzylic carbocation. The extra stabilization is the result of the remote oxygen atom exerting 
an electron-donating resonance effect that helps to delocalize and thereby stabilize the positive 
charge. One resonance structure is particularly stabilizing because every atom (except hydrogen) 
has a complete octet of electrons, as shown in Figure 18.36. 

The Sy2 reactions of benzylic (and allylic) halides are also rapid in comparison with those 
of other halides. Usually, the rate of an Sy2 reaction of a benzylic or allylic halide is at least 100 
times greater than that of the corresponding ethyl halide. We ascribe this high reactivity to sta- 
bilization of the activated complex by orbital overlap, as shown in Figure 18.37. 


LA МА А 
А xa e? 


OCH, 
more less 
stable stable 


FIGURE 18.36 Stabilization of a benzylic carbocation by a p-methoxy group. The resonance 
structure shown for a p-methoxybenzylcarbocation is one in which all carbon 
and oxygen atoms have a complete octet of valence electrons. 
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Figure 18.37 Activated complex for the 5,2 displacement of a benzylic halide. The 
activated complex is stabilized compared with that of a normal 5,2 reaction 
because of the overlap of a p orbital at the site of substitution with the л 
orbital system of the aromatic ring. 


Special Topic 


Quantitative Aspects of Substituent 
Effects—The Hammett po Relationship 


One might suspect that the qualitative effects noted concerning electron-withdrawing and electron- 
donating characteristics of substituents on aromatic rings could be quantified. The major difficulty in 
this is in separating the simple electronic effect from other factors that might influence a reaction rate 
or a position of equilibrium. To a significant extent, this has been accomplished, and we can speak 
in quantitative terms about the electronic effects associated with particular substituents on aromatic 
rings. 

In the 1930s, Louis P. Hammett, working at Columbia University, outlined an intriguing rela- 
tionship between the electronic demands of reaction processes and the electronic characteristics 
(electron-withdrawing or electron-donating) of substituents affecting those reaction processes. Using 
standard equilibrium and reaction processes and measuring the equilibrium constants and reaction 
rates for substrates bearing a wide range of substituents, Hammett was able to determine numerical 
coefficients for each substituent representing its electron-supplying or electron-removal characteris- 
tic when other effects (ie. steric) could be eliminated. For example, considering rates of 
displacement of meta- and para-substituted benzylic chlorides, a coefficient could be determined for 
each substituent relating to its electronic character that could then be transferred to make accurate 
predictions of rate and equilibrium position in other reactions with different electronic demands. 
(The ortho-substituted systems could not be considered as there were non-constant steric effects per- 
turing the system.) The derived “Hammett po relationship" (shown below) has proven to be of 
immense value, not only in predicting reaction rates and equilibria, but also for understanding the 
natures of numerous reaction mechanisms. 


ksta 


log = рс 


kx 
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Herein, ksa represents the rate constant for а 
reaction occurring at a site attached to a phenyl 
ring wherein all other sites on that ring bear only 
hydrogen. The kx represents the rate constant for 


Chemical Biography 


Louis PLACK HAMMETT 


b. 1894 the same reaction where the substituent X is 
d. 1987 located meta or para relative to the site of reac- 
Ph.D. Columbia University tion. The p is a number representing the electronic 

(Beans) 1922 demanding nature of the particular reaction. (Each 


particular reaction has an experimentally deter- 
mined value of p associated with it.) The O is a 
number representing the electron-donating or electron-withdrawing character of the substituent. The 
values of o (within certain limits) are transferrable to the range of reactions once they have been deter- 
mined from a particular reaction. 

The relationship is derived from thermodynamic considerations of reaction equilibria (and from 
extensions to chemical kinetics) and is referred to as a "linear free energy relationship." 


18.15 NUCLCOPHILIC SUBSTITUTION OF AROMATIC 
HALOGEN COMPOUNDS: INTRODUCTION 


At the beginning of the chapter we focused on electrophilic aromatic substuitution reactions, 
those in which an electrophile takes the place of a hydrogen atom on a benzene ring. We noted 
in passing that nucleophilic aromatic substitution is not common for benzene derivatives; for 
example, bromobenzene is quite inert to nucleophiles that commonly react with haloalkanes. 

Nevertheless, reactions that appear to be nucleophilic substitutions do occur with benzene 
derivatives under special circumstances. Two types of systems are of interest. First, reaction 
can occur under harsh conditions. For example, hydroxide ion reacts with halobenzenes at high 
temperatures (high pressure also helps) to yield phenols (ArOH). An example is shown in 
Equation 18.21. Halobenzenes also react with amide ion (H2N5) in liquid ammonia to yield 
aromatic amines (ArNH)), as illustrated in Equation 18.22. 


Cl O^Na* OH 
NaOH HCl 
370°C 
chlorobenzene phenol 
97% yield 
(Eq. 18.21) 
NaNH) 
— 
liq. NH3 
chlorobenzene aniline 


45% yield (Eq. 18.22) 
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A second type of reaction that allows replacement of halide by a nucleophile to occur on an 
aromatic ring is one in which the ring also bears one or more strongly electron-withdrawing 
groups (usually nitro groups) ortho or para relative to the halogen. The contrasting conditions 
required to displace chloride from the aromatic ring when nitro groups are absent and present 
are shown in Figure 18.38. As the examples in Figure 18.38 show, the effects of electron- 
withdrawing groups are cumulative. Thus, even the quite poor nucleophile water is able to 
convert 2,4,6-trinitrochlorobenzene to 2,4,6-trinitrophenol (picric acid). We will now discuss 
these reactions in some detail. 


18.16 €LIMINATION-ADDITION 


An apparent nucleophilic substitution reaction occurs when halobenzenes are treated with 
very strong bases such as amide ion. Moderately strong bases such as hydroxide ion also react 
under conditions of high temperature and pressure. These reactions are, however, different 
from ordinary nucleophilic substituton reactions in several respects. For example, haloben- 
zenes that have no hydrogen atom ortho relative to the halogen are inert to these types of 


Cl OH 


NaOH 
--------->- 


>300°C 
(acid workup) 


Cl OH 
NaOH 
-------->- 
160°C 
(acid workup) 
NO, NO, 
Cl OH 
ON NO, HO ON NO, 
—— 


room temperature 
NO, NO, 


FicunE 18.38 Reactions of aryl chlorides with nucleophiles. Chlorobenzene reacts with 
hydroxide ion only under extreme conditions of temperature and pressure. 
p-Nitrochlorobenzene reacts with hydroxide ion under relatively normal 
laboratory conditions. 2,4,6-Trinitrochlorobenzene reacts with water at 
room temperature. 
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reagents; 2,6-dimethylchlorobenzene, for example, does not react with potassium amide in 
liquid ammonia. 

Furthermore, the entering hydroxyl or amino group does not always occupy the position on 
the ring that was vacated by the departing halogen. At times the incoming group occupies a posi- 
tion ortho (but never meta or para) relative to the position originally occupied by the halogen. 
Examples of this type of outcome are shown in Equations 18.23 and 18.24. 


MO 


авс 
(acid workup) 


p-chlorotoluene p-methylphenol m-methylphenol 
product ratio = 1:1 (Eq. 18.23) 


СНО NEL SC СНО NH, 


мну > NH, 


o-chloroanisole m-methoxyaniline 
60% yield (Eq. 18.24) 


These results are not consistent with the nucleophilic substitution mechanisms discussed in 
earlier chapters. However, all of these experimental observations are consistent with an elimi- 
nation-addition mechanism that proceeds via a highly reactive intermediate known as benzyne 
(18.2). The following mechanism, which shows the elimination-addition reaction that converts 
chlorobenzene to aniline, illustrates the role of the benzyne intermediate. 

Let us now reexamine some of the experimental observations we mentioned earlier in light 
of this elimination-addition mechanism. 


benzyne 
18.2 


1. Compounds lacking hydrogen at positions ortho relative to the halogen can not 
undergo this reaction. With no hydrogen to be lost, dehydrohalogenation to a benzyne 
is impossible. 
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2. The position taken by the incoming group depends on two factors. The first factor is the 
orientation of the dehydrohalogenation. That is, which particular benzyne is formed? 
The second factor is the choice of carbon atoms at which nucleophilic attack on the ben- 
zyne occurs. Consider, for example, the reaction of m-bromoanisole with amide ion. 
Initial loss of a proton could, in principle, occur from either of the two carbon atoms that 
are ortho relative to the halogen, as shown in Figure 18.39. 


Conversion of Chlorobenzene to Aniline by 
Elimination-Addition 


Step 1 (Elimination of НСІ) The amide ion acts first as a base, abstracting a proton from the 
position ortho relative to the halogen. 


Cl 


Cl 
«с. к м 
:МН, m + NH, 
Мм— С 


Step 2 Loss of halide occurs to give a highly reactive (not isolable) benzyne intermediate. This 
is the elimination step of the reaction. 


а 7 


> — Qe 


Step 3 (Addition of МНз) The benzyne intermediate is rapidly attacked by the amide ion, which 
now behaves as a nucleophile. This is the addition step of the reaction. 


^ 17 МН, 


т. = “Мн, LJ 
Б m 


Step 4 Protonation occurs to give the final product. 


NB, МН; NH; . 
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Br А Вг Вг 
= C C 
or = 


OCH, OCH, OCH, 


(D (II) 


FicuRE 18.39 Reaction of a strong base with m-bromoanisole. Loss of a proton from 
m-bromoanisole could, in principle, lead to formation of either anion (I) or 
anion (Il). Anion (II) is more stable because its negative charge is stabilized by 
the inductive effect of two adjacent electronegative atoms (Br and O). 
Neither bromine nor the methoxy group can destabilize the negative charge 
through an electron donating resonance effect because the negative charge 
is located in an sp? orbital that is orthogonal to the л system of the benzene 
ring. 


Anion (II) of Figure 18.39, with its negative charge adjacent to two electronegative atoms, 
is more stable than is anion (I), and we therefore expect it to form more readily. It follows that 
the benzyne (18.3) forms more rapidly than the benzyne (18.4). 


OCH; 
OCH; 


18.3 18.4 


In considering the attack of amide ion on 18.3, we again recognize that there are, in princi- 
ple, two possibilities, as shown in Figure 18.40. We expect there to be a marked preference for 
mode of attack a, which generates an anion whose negative charge is adjacent to two electroneg- 
ative atoms. Careful analysis of the benzyne mechanism leads us to expect that m-bromoanisole 
in reaction with amide ion should yield mainly m-anisidine (m-methoxyaniline), and this is the 
observed result. The incoming group occupies the position vacated by the halogen and does not 
occupy the position ortho to it. 

In contrast, consider the reaction of o-bromoanisole with amide ion. Because one of the 
positions ortho to bromine is occupied by the methoxy substituent, there is only one possible 
mode of dehydrohalogenation to a benzyne (see Figure 18.41). In fact, the bezyne produced is 
identical to that from m-bromoanisole in reaction with amide ion. We saw earlier that this par- 
ticular benzyne, in reaction with amide ion, yields m-anisidine. We predict, and find, that both 
o-bromoanisole and m-bromoanisole yield the same product (m-anisidine) on treatment with 
amide ion. 
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OCH, 


HN 


OCH; 


Figure 18.40 Attack of amide ion оп a benzyne intermediate. Amide ion could attack the 
methoxybenzyne by route a or route b to yield either of the two anions. 


amide ion 
——» 
Вг 


OCH; OCH; 


FIGURE 18.41 The benzyne intermediate formed from o-bromoanisole. This benzyne 15 
the same as the one formed preferentially from m-bromoanisole. 


18.17 ADDITION-E€LIMINATION 


We noted previously that aryl halides that have electron-withdrawing substituents in the posi- 
tions ortho and/or para relative to the halogen are reactive with nucleophiles under rather mild 
conditions. For such reactions, the rate law is the same as that for an Sy2 reaction, that 1: 

rate — k[aryl halide][nucleophile] 


However, the mechanism of the reaction is decidedly not that of a typical 532 reaction! 
While the order of reactivity of haloalkanes in an Sy2 reaction is 


R-I > R-Br > R-Cl >> R-F 


the nature of the halogen has little influence on the rate of a nucleophilic aromatic substitution 
reaction. In fact, aryl fluorides are generally more reactive than the other types of halides in this 
type of reaction. 
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Hydroxide lon Attack on p-Nitrochlorobenzene 


Step 1 Attack of hydroxide ion leads to the formation of an anionic intermediate. 


di Ho Cl 


тк 
rate-determining o 
== 
step 
N O, N о; 


Step 2 Тһе anionic intermediate loses chloride ion to form the product. 


HO а) ОН 
^e 


rapaid step 


NO, NO, 


The mechanism invoked to explain these data is provided for the specific example of 
hydroxide ion in reaction with p-nitrochlorobenzene. 

Several points of interest emerge from considering this mechanism. First, the nucleophile 
attacks the ipso position (the ring position to which the halogen is attached). Second, in this first 
step the ring loses its aromatic character. Thus, we expect the first step to be a slow process, 
which is consistent with the observation that it is the rate-determining step. 

Third, we can write several resonance structures for the carbanion intermediate, and they are 
similar in nature to those we can write for the arenonium ion. In these resonance structures the neg- 
ative charge is located only at positions ortho and/or para relative to the site of attack. These 
resonance structures are shown in Figure 18.42. Consequently, placement of electron-withdrawing 
groups ortho and/or para relative to the halogen results in a more stable carbanion intermediate 
and more rapid reaction. In the absence of of such stabilization, reaction by this mechanism is 
extremely unlikely because it would involve destruction of the resonance stabilization of the ring 
without any compensation. 

Fourth, the type of halogen atom (1, Br, Cl) has little effect on the rate since the rate- 
determining step precedes the loss of halide ion. On the other hand, the high electronegativity 
of the fluorine increases the rate of attack at the ipso position by stabilizing the resulting 
anion. This stabilizing effect explains the increased rate of reaction for fluoro derivatives com- 
pared to other halogen derivatives. 
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HO | HO | Ho X 
NO; NO; NO; 


Figure 18.42 Resonance structures for the intermediate anion produced by hydroxide ion 
attack on p-nitrochlorobenzene. (Be sure to do Problem 18.36.) 


18.18 BENZENE-CHROMIUM 
TRICARBONYL COMPLEXES 


The use of transition metals to activate organic compounds toward useful types of reactions con- 
tinues to find ever greater importance for the practice of organic chemistry. An interesting family 
of compounds results when a chromium tricarbonyl group [—Cr(CO)3] is bonded to a benzene 
ring. The parent compound of this family, benzene-chromium tricarbonyl (18.5) is a yellow solid 
produced by refluxing benzene with chromium hexacarbonyl, as shown in Equation 18.25. 
An example of a substituted system is shown in Equation 18.26. 


< 
Сг(СО)6 + Б — (3 Cr(CO); +3CO 
22 


benzene-chromium tricarbonyl 


18.5 
9146 yield (Eq. 18.25) 
CH; СН; 
Cr(CO) + — Cr(CO, +3СО 
г 
H3C CH, BBC СН; 


mesitylene — mesitylene-chromium tricarbonyl 
8496 yield (Eq. 18.26) 


Many substituted benzenes and other aromatics react in a similar manner. The association 
between the aromatic ring and the chromium atom involves the л electrons of the aromatic ring. 
In organometallics it is quite possible (and common) to have a bonding interaction of a л nature 
between a metal and a ligand even though the two are not joined by a o bond. This type of bond 
contrasts with л bonds in ordinary organic compounds such as alkenes. 
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Because the x electrons of the aromatic ring are delocalized, we should not think of the 
chromium as being bound to any specific carbon atom of the ring. It is bound to the aromatic 
ring as a whole, and we represent it as shown in Equation 18.25 and Equation 18.26. 

The —Cr(CO)3 group removes electron density from the aromatic ring. In this respect its 
effect is similar to that of an ordinary electron-withdrawing group such as a nitro group. This 
analogy extends to the reactions of aromatic chromium tricarbonyl compounds. For example, 
a halogen atom on the aromatic ring readily undergoes nucleophilic substitution reactions 
(addition-elimination), as shown in Equation 18.27. 


F OCH; 
NaOCH; 
Cr(CO)3 ------ Cr(CO)3 
РА HOCH; Ф 
reflux 
9096 yield (Eq. 18.27) 


The reactions of the aromatic tricarbonyl compounds parallel those of the nitrohalobenzenes. 
Complexes of fluorobenzene react more rapidly than those of the other halobenzenes. 

An advantage of the -Cr(CO); group over a nitro group for substitution reactions on the aro- 
matic ring is that the —Сг(СО)з group can be removed easily once its utility has been exploited. 
Treatment with either iodine (15) or triphenylphosphine (Ph3P:), a stronger ligand for chromium 
than an aromatic ring, regenerates the simple aromatic compound. The reaction with iodine is 
often quantitative. An example is shown in Equation 18.28. Thus, we can easily add a -Cr(CO)s 
group to an aromatic ring to activate it for nucleophilic attack. Once the desired synthetic trans- 
formation of the aromatic ring has been accomplished, the -Cr(CO); group is easily removed. It 
is significantly more difficult to remove a nitro group. 


OCH3 OCH; 
I, 
Cr(CO)3 --------- 
РА ether 
100% yield (Eq. 18.28) 


18.19 PALLADIUM-CATALYZED REACTIONS 
OF ARVL HALIDES 


A halogen on an aromatic ring can be replaced with a vinyl or substituted vinyl group through 
the use of Pd(II) reagents. Two examples of this type of reaction are shown in Equations 18.29 
and 18.30. The mechanism for this type of transformation involves a bond being formed 
between the palladium and an aromatic ring carbon atom. 
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This type of reaction is also useful for a variety of haloalkanes. It is of particular significance 
for aryl halides because there are few options for carbon-carbon bond formation to an aromatic 
ring with displacement of a halide. 


18.20 AROMATIC NUCLEOPHILIC SUBSTITUTION BY 
THE Sant MECHANISM 


The брі mechanism (unimolecular radical nucleophilic substitution) is another route by which 
displacement of a halogen (or other leaving group) can occur from an aromatic ring. The reac- 
tion is performed in liquid ammonia with a source of electrons provided by an electropositive 
metal. An example of this type of reaction is shown in Equation 18.31. 


I CH= СН, 
Pd(O,CCH3) 
+H,C=CH, = 
CH4CN 
OH (CH3CH)3N OH 


m-hydroxystyrene 


m-iodophenol 
73% yield (Eq. 18.29) 


Palladium-Catalyzed Vinylation of 
Aryl Halides 


Step 1 Formation of the catalytic species—In the initial step, the palladium salt is reduced to the 
Pd(0) compound Pd(Ph3P). by reaction with triphenylphosphine or another strongly 
binding ligand. A small amount of the alkene is oxidized in this process. 


H AcO 


\ / 


ЕХ 
Pd(O,CCH3), + a + 2РР: —» — Pd(Ph3P), + HOAc + = 


Step 2 Addition to the aromatic ring—The Pd(0) reagent reacts with the aryl halide. 


Pd(Ph3P) 2 + > 
X Pd(Ph4P),X 
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Step 3 Reaction with the alkene— 


H 
\ й 
+ C=C ——> J^ y 
Pd(Ph,P),X / · С-С--Ра(РЪЗР)Х 
лы 


Step 4 Generation of the vinylated aromatic product— Palladium is eliminated in this step. 


/ —— (1 / 

Фи — С — Ра(РЬзР),Х С= ү + HPd(Ph3P),X 
H 

Step 5 Regeneration of the catalytic species—The palladium is again converted to the Pd(0) 


state for further reaction. 


+ 
HPd(Ph3P),X + :Base —> Pd(Ph3P), + Base—H «X^ 


Ligands other than triphenylphosphine can serve in this reaction, and any available Lewis base 
can serve in the final step. 


The Spnl reaction involves a free radical chain mechanism in which radical anions are 
involved as critical intermediate species. A radical anion is a species that bears an unpaired elec- 
tron along with a negative charge. The initial radical anion forms by the addition of a solvated 
electron to the aromatic л system of the aryl halide. The radical anion then loses a halide ion, 
leaving behind an aromatic radical. The aromatic radical reacts with a nucleophile to form a new 
radical anion, which subsequently transfers an electron to another molecule of aryl halide and 
generates the product. The product appears to have been produced by simple substitution of the 
nucleophile for the halide leaving group. For the reaction shown in Equation 18.31, the halide 
leaving group is iodide ion and the nucleophile is the amide ion. 


CH(CH3) CH(CH3); 
Pd(O;CCH3); 
+ H,C=CHCO,CH, — 
PhP: 
Br CH= CHCO;CH; 
CH(CH3) CH(CH3); 


84% yield (Ед. 18.30) 
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The 5вм1 Reaction 
Step 1 Generation of a solvated electron. 


liq. NH, 


+ — 
K K (solvated) * € (solvated) 


Step 2 Addition of the solvated electron to a л“ orbital of the aromatic compound. A radical 
anion is formed. 


€ (solvated) * > 


X X 


Step 3 Loss of a halide ion. An aromatic radical is formed. 


SE Б + ХГ 


Step 4 Addition of a nucleophile to form a new radical anion. Тһе unpaired electron is шал“ 
orbital of the aromatic compound. 


X 


+ У 
У 


Step 5 Electron transfer—the unpaired electron is transferred to another aryl halide molecule. 
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I NH; 
H3C CH; НЗС CH; 
K 
------ 
liq. МН; 
2,6-dimethyliodobenzene 2,6-dimethylaniline 
64% yield (Eq. 18.31) 


Other electropositive metals can be used in the reaction instead of potassium. Sodium 
works quite well. On dissolving in the liquid ammonia, the metal produces a deep blue color 
characteristic of the solvated electron. The substitution reaction works well in the presence of 
electron-donating groups, such as alkyl groups. 


* 


Aromatic substances react with a wide range of electrophiles, undergoing substitution 
reactions. 


In such reactions the electrophilic species generally replaces a hydrogen atom originally 
attached to the aromatic ring. 


Electrophilic aromatic substitution reactions proceed through an initial slow step that pro- 
duces а cyclohexadienyl cationic intermediate known commonly as ап arenonium ion. 


The arenonium ion ultimately reacts to regenerate the aromatic ring by losing a proton 
from the tetracoordinated carbon. 


Table 18.1 lists a series of common electrophiles used in electrophilic aromatic substitu- 
tion reactions, along with conditions for their generation and the nature of the products 
formed. 


Substituents that are already attached to an aromatic ring influence the rate at which elec- 
trophilic aromatic substitutions occur. They also impose a regioselectivity on the reaction. 


We classify substituents as activating or deactivating for electrophilic aromatic substitu- 
tion on the basis of their effect on the rate of such reactions. 


We also classify substituents according to their directing effects. Some substituents are 
ortho, para-directing, while others are meta-directing. The directing influences of some 
common substituents are summarized in Table 18.2. 


The order of synthetic operations is important in the design of syntheses of benzenoid 
compounds containing more than one substituent. An inappropriate order of operations 
often results in the generation of an undesired product. 


* Aryl halides are unreactive to nucleophilic substitution reactions under ordinary conditions. 


* At times we can use special conditions or reagents to accomplish the overall equivalent 


of nucleophilic substitution. One approach involves the use of aryl halides in which the 
aromatic ring is electron poor due to the presence of electron-withdrawing substituents 
ortho or para to the halogen atom. Such electron-withdrawing groups are commonly nitro 
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or cyano groups. Alternatively, т complexation of the chromium tricarbonyl group with 


the aromatic ring accomplishes much the same goal. 


* Another approach that accomplishes the equivalent of nucleophilic substitution on an aryl 
halide involves the use of strong bases such as the amide ion. The reaction of amide ion 
with an aryl halide proceeds first via dehydrohalogenation to a benzyne intermediate. The 
benzyne then further reacts to form the substituted product. Reactions proceeding via a 
benzyne intermediate may result in a product that is substituted at the ipso site or at the 


site ortho relative to the original halide. 


Terms to Remember 


aryl acyl group 
electrophilic aromatic acyl halide 

substitution acylium ion 
electrophile Friedel-Crafts acylation 
benzenonium ion ortho,para-directing group 
nitration meta-directing group 
nitronium ion inductive effects 
Friedel-Crafts reaction resonance effects 
acylation azeotropic distillation 


Reaction of Synthetic Utility 


AICI, 


RCOCI or (RCO),0 
97. АН О АГСОЖ 
АСВ 


benzylic position 
benzylic derivatives 
benzyl radicals 
benzyl cations 
benzyne 

ipso position 

Srnl mechanism 


radical anions 


CHAPTER 18 4 REACTIONS or BENZENE AND ITS DERIVATIVES 701 


503 

98. ArH ----- ArSO3H 
H5SO, 
99. ArH ыМм— wt 
HF or H5SO, 

ROH 

100. ArH Зи ArR 
HF or ВЕ; 
Sn, HCl 


101. ArNO; — ArNH, 


LiAIH 
102. ArNO, —— — “>  ArNH, 


Н», Pd/C 
103. А[МО; -----» АМН, 


CL, hv 
104. АгСН; ------>- ArCH5CI 


KMnO, , KOH, heat 
105. АгСНЕ о» АГСО,Н 


aq. acid work-up 


СгОз, H5SO, 
106. ArCHR, ---------> АГСО,Н 


steam, H5SO, 
107. ArSO3H о АГН 


KOH, heat 
108. Агон о «ОН 
aq. acid workup 
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110. 


111. 


112. 


113. 


114. 


115. 


aq. acid workup 


* Strongly electron withdrawing groups 
attached. X = F, Cl, Br 


NaNH) 
ArX --------:-:>----- ArNH) 
liq. NH3 
Cr(CO)¢ ArX 
ArX > 
Cr(CO)3 
ArX NaOR ArOR 
— 
Cr(CO)3 Cr(CO)3 
X = F, Cl, Br 
ArX І, 
| — 3. мх 
Cr(CO)5 
H 


M s 


АХ = ——————————- = 
Pd(O5CCH3);, base 


Arx -------->” АМН) 
liq. NH3 


Problem 18.1 


Draw structures for and name all isomeric: 


a) trinitrobenzenes 
b) dichloronitrobenzenes 
с) bromochloroethylbenzenes 


(answer) 


Problem 18.2 


Give systematic names for each of the following: 


a) anisole 
b) cumene 
с) toluene 


(answer) 


Problem 18.3 

Draw structures for each of the following: 
a) 4-bromoacetophenone 

b) 2,6-divinyltoluene 

с) 3,5-dinitrocumene 


(answer) 


Problem 18.4 


Tell what is wrong with each of the following names, and provide a proper name for each 
compound. 


a) 6-bromotoluene 


b) 4,5-dichloroanisole 


(answer) 


Problem 18.5 


Draw structures for each of the following: 


a) 
b) 
с) 
4) 


е) 


m-dichlorobenzene 
o-chlorotoluene 
p-nitroaniline 
m-ethylcumene 


m-divinylbenzene 


(answer) 


Problem 18.6 

Draw structures for each of the following: 
a) benzyl alcohol 

b) 2,3-diphenyl-1,3-butadiene 

с) (Е)-1-рһепуіргорепе 

а) p-bromobenzyl bromide 


e) phenyllithium 


(answer) 


Problem 18.7 
At times, nitric acid alone (without sulfuric acid) is effective in bringing about nitration. 


Suggest a mechanism for the production of the nitronium ion, starting with an acid-base 
reaction between two nitric acid molecules. 


(answer) 


Problem 18.8 


Deduce the shape of the nitronium ion from its Lewis structure. 


(answer) 


Problem 18.9 


Give the structure of the carbocation leading to each of the products shown in Equations 
18.3 and 18.4. 


(answer) 


Problem 18.10 


Give the complete mechanisms for the reactions shown in Equations 18.5- 18.8. 


(answer) 


Problem 18.11 


Treatment of benzene with either 2-pentanol or 3-pentanol in the presence of the Lewis 
acid BF; gives a 2:1 mixture of 2-phenylpentane and 3-phenylpentane. Show a 
mechanism for the formation of these products and explain the 2:1 product distribution 
found in each instance. 


(answer) 


Problem 18.12 


Treatment of benzene with isobutyl alcohol and BF; gives a product that shows only two 
singlets in its proton NMR spectrum, one at 1.30 6 (9H) and one at 7.28 б (5H). Give a 
structure for the product and show a complete mechanism for its formation. 


(answer) 


Problem 18.13 


When an excess of benzene is treated with tetrachloromethane and aluminum chloride, a 
compound of formula СН „СТ is obtained. Give a structure for the product and show а 
complete mechanism for its formation. 


(answer) 


Problem 18.14 


Write a complete mechanism for the reaction of benzene with acetic anhydride in the 
presence of aluminum chloride to give a product of formula C7H,O. 


(answer) 


Problem 18.15 


Give a mechanism for the formation of a-tetralone as illustrated in Equation 18.12. 


(answer) 


Problem 18.16 


Suggest a synthesis of benzophenone via the Friedel-Crafts acylation of benzene. 


(answer) 


Problem 18.17 


Give the structures of the products obtained by treating benzene with each of the 
following cyclic anhydrides in the presence of aluminum chloride. 


a) О 


О 


О 
b) O 


(answer) 


Problem 18.18 


Modify the reaction progress diagram in Figure 18.11 to represent the sulfonation 
reaction. 


(answer) 


Problem 18.19 
Consider electrophilic aromatic substitution occurring on nitrosobenzene. Do you expect 


it to undergo reaction with electrophiles principally at the ortho and para positions or at 
the meta position? Explain your answer. 


(answer) 


Problem 18.20 
Consider the ortho bromination of chlorobenzene. Draw a resonance structure for the 


intermediate arenonium ion such that all atoms (except hydrogen) have a complete octet 
of valence electrons. 


(answer) 


Problem 18.21 


By drawing resonance structures, provide a convincing rationale for the experimental 
observation that the amino group, unlike a nitro group, is ortho/para-directing. In 
particular, draw structures for the intermediate arenonium ion resulting from ortho and 
para attack in which all atoms (except hydrogen) have complete octets of valence 
electrons. 


(answer) 


Problem 18.22 
Predict the major products expected from each of the following reactions: 
a) monobromination of p-nitrophenol 


b) mononitration of p-cresol 


(answer) 


Problem 18.23 


A substance of formula СН? yields phthalic acid when oxidized with hot alkaline 
aqueous permanganate solution followed by workup with aqueous acid. Suggest a 
structure for the original substance. 


(answer) 


Problem 18.24 


A substance of formula CoHio yields phthalic acid when oxidized with hot alkaline 
aqueous permanganate solution followed by workup with aqueous acid. The original 
compound is inert to catalytic hydrogenation unless drastic conditions are used. Suggest a 
structure for the original compound. 


(answer) 


Problem 18.25 


Suggest a method to synthesize each of the compounds listed below using benzene or 
toluene as the organic starting material. Any other non-aromatic organics and inorganic 
reagents may be used. Assume that ortho and para isomers can be separated with relative 
ease. 


a) 
CO,H 
CO,H 
b) 
NH, 
NH, 
© сн, 
Br 
МН, 


(answer) 


Problem 18.26 


Propose syntheses for each of the following using benzene or toluene as the starting 


material. 
a) 
СТ CO, H 
Br 
b) 
COH 
& Вг 
CO,H 
NO, 
d) Br 
CH; 
| ‚Вг 
NO, 


(answer) 


Problem 18.27 


Suggest how Grignard methodology can be used to bring about each of the following 
conversions. Any non-aromatic or inorganic reagents and any solvents deemed necessary 
may be used. Assume that ortho and para isomers can be separated with relative ease. 


a) 


b) 


CH; CO,H 


(answer) 


Problem 18.28 
Consider the mechanistic steps for the formation of the minor product in the reaction of 


ethylbenzene with chlorine. Suggest why this route is relatively unimportant with the 
competing route to the major product. 


(answer) 


Problem 18.29 
The ratio of major product to minor product in the chlorination of ethylbenzene is ~30:1. 


Do you expect a larger or smaller ratio than 30:1 for the corresponding bromination 
reaction? (HINT: Review the Hammond postulate.) 


(answer) 


Problem 18.30 
Suggest how to perform each of the following syntheses: 
a) 3-phenyl-1-propanol from ethylbenzene 


b) styrene from toluene 


(answer) 


Problem 18.31 


Predict the major product in the following reaction: 


(answer) 


Problem 18.32 


Explain the following observation: 


CH CHBr 
| + HBr - | 
major 


(answer) 


OCH, 


NO, 


minor 


Problem 18.33 


Give a mechanistic interpretation of the following data: 

Fluorobenzene in which both hydrogens ortho to fluorine have been replaced by 
deuterium is placed with potassium amide in liquid ammonia. After a short time, the 
reaction is stopped and the products investigated. It is found on investigation of the 
remaining fluorobenzene that both of the deuterium atoms have been replaced by 
hydrogen atoms. However, no aniline is present, and none forms even if the reaction 
proceeds for a longer time. That is: 


(answer) 


Problem 18.34 


Suggest a mechanism for the following conversion: 


OCH; OCH; 
e PhLi 
» 
workup 
with Ph 
water 


(answer) 


Problem 18.35 


Suggest a structure for the product of the reaction shown below, and provide a 
mechanism for its formation. 


CH, CH, CH, NH; 


PhLi 
» CoH; N 
ether 
Cl 


(answer) 


Problem 18.36 


The nitro group is able to stabilize the carbanionic intermediate not only by virtue of its 
electron-withdrawing inductive effect, but also through an electron-withdrawing 
resonance effect. Draw a resonance structure for the carbanionic intermediate produced 
by attack of hydroxide ion on 4-bromonitrobenzene such that both oxygen atoms of the 
nitro group have a formal charge of -1. 


(answer) 


Problem 18.37 


Consider the reaction shown below, where X is a halogen. 

X  KOCH,CH, DCH, CHS 
Ph, C—C о» РС 

\ HOCH, CH; \ 

H H 


The reaction proceeds most rapidly when X = F. Suggest a mechanism for the reaction. 
Decide whether the presence of nitro groups in the ortho or para positions of either 
phenyl ring will tend to accelerate or retard the reaction compared with the reaction of the 
unsubstituted compound. 


(answer) 


Problem 18.38 


One of the chloropyridines shown below is quite reactive in nucleophilic substitution 
reactions while the other is not. The mechanism by which the reactive material actually 
reacts is similar to that of the nitrohalobenzenes with nucleophiles. By examining the 
possible resonance structures for the intermediate carbanions, deduce which 
chloropyridine is the one reactive with nucleophiles. 


Cl 
Cl 
ENS BN 
p» Ж 
М М 


(answer) 


Problem 18.39 


Three products result from the reaction: 


Pd(O; CCH;), 
РЫ + Ph-CH-CH-CH, > 
PPh, 


Suggest structures for these three products. 


(answer) 


Problem 18.40 


The reaction shown in Equation 18.31 involves an aryl halide in the presence of a strong 
base (potassium amide forms in the reaction). Why does the reaction proceed via an Spnl 
mechanism rather than via a benzyne mechanism? 


(answer) 


Problem 18.41 


Give the structure of each of the following: 


a) 
b) 
с) 
4) 
е) 
f) 
g 
h) 
i) 
2) 
k) 
1) 
m) 
n) 
0) 
p) 
q) 


r) 


o-nitrophenol 

sec-butylbenzene 

p-nitrobenzyl bromide 

(Z)-2-phenylstyrene 

2,4-divinylbenzoic acid 

2-cyanobenzoic acid 

1-phenyl propanol 

2-methyl-4-(p-bromophenyl)phenol 
2,3-dimethyl-2-phenylpentane 
(R)-1-bromo-1-phenylethane 

o-chlorobenzyl chloride 

(E)-1,2-diphenylethane 

allylbenzene 

4-methyl-2-hydrox yacetophenone 

all substances of formula C7H7Cl containing a benzene ring 
all substances of formula СН, containing a benzene ring 
2-methox y-4-(2-propenyl)phenol (eugenol, derived from clove oil) 


the xylene that yields one monobromo product on treatment with bromine in the 


presence of iron 


5) 


Ше xylene that yields two monobromo products on treatment with bromine in Ше 


presence of iron 


(answer) 


Problem 18.42 


Name each of the following structures: 


a) | CH, CH, 
NO, 
b 
CH, Br 
СВО 
с) 
CH; 
сн,сн; 
СН; 
а 
O;N NO, 


e) 


(answer) 


g 


h) 


i) 


Br SO;H 


де 


со, н 
CI CI 
CO,H 
Рој 
CH-CH, 


q 


Problem 18.43 


Give the name and structure of the aromatic compounds that exhibit the following 
spectrometric characteristics: 


a) Proton NMR shows a ЭН singlet at 7.2 6, a 2H triplet at 2.6 5, a 2H multiplet at 
1.8 6, and a ЗН triplet at 0.9 6 (formula СоН12). 


b) Proton NMR shows a 5H singlet at 7.2 6, a 1H multiplet at 2.8 б, a 2H multiplet at 
1.8 6, a 3H doublet at 1.3 6, and a ЗН triplet at 1.0 6 (formula СН ;4). 


с) The IR spectrum shows an absorption at ~1715 cm” but no absorption above 


3100 ст. The proton NMR shows a 5H singlet at 7.2 5, a 2H singlet at 3.5 8, and a 3H 
singlet at 1.9 6 (formula CoH10O). 


(answer) 


Problem 18.44 
Explain each of the following observations. 


a) Both hydroxyl and halogens are ortho/para-directing groups, but while hydroxyl 
groups are activating, halogens are deactivating. 


b) Dinitration of diphenyl ether places one nitro group in each of the phenyl rings 
rather than both in the same ring. 


с) Тһе nitroso group (-М-О) is ortho/para-directing in electrophilic aromatic 
substitutions while the nitro group (-NO») is meta-directing. 


(answer) 


Problem 18.45 


Rationalize the fact that the dipole moment of bromoethane (2.03 Debey) is greater than 
that for bromobenzene (1.70 Debey). 


(answer) 


Problem 18.46 


Predict the products of mononitration for each of the following compounds: 


y Br d) OH 
OCH, 
OCH, 
OH 
b) e) 
Е ~ NO, 
с) f) 
NO, CH, 
NO, 


(answer) 


Problem 18.47 


Predict the major products expected with each of the following reactions: 


a) chlorination of p-nitrotoluene 

b) nitration of o-chloroaniline 

с) acetylation of m-dibromobenzene 

d) sulfonation of 2,3-dinitrotoluene 

e) bromobenzene treated with lithium metal in liquid ammonia, followed by workup 
with water 

f) bromobenzene treated with magnesium in ether, followed by the addition of 


acetone and workup with the addition of water 


5) 


p-sopropyltoluene treated with potassium permanganate in aqueous Базе and 


workup with aqueous acid 


(answer) 


Problem 18.48 


Predict the major product of monobromination of each of the following compounds: 


a) 
b) 
rae 
c) 
о 
- 
д) 


(answer) 


Problem 18.49 


Give synthetic sequences for the preparation of each of the following compounds starting 
with benzene and any other reagents deemed necessary: 


a) p-nitrotoluene 

b) m-acetyltoluene 

с) benzyl bromide 

d) styrene 

e) m-bromobenzoic acid 

f) p-bromobenzoic acid 

g) m-bromoaniline 

h) 3,5-dinitrochlorobenzene 


i) 2-phenylethanol 
p phenylacetylene 


k) monodeuteriobenzene 


(answer) 


Problem 18.50 


When anisole is treated with ІСІ, an electrophilic aromatic substitution reaction occurs to 
give a product in which one of the halogens becomes attached to the aromatic ring. 
Suggest a structure for the product (or products) and provide a mechanism for the 
reaction. Explain why only one of the halogens (I or CI) becomes incorporated into the 
product. 


(answer) 


Problem 18.51 


The treatment of benzene with HOBr in sulfuric acid yields bromobenzene. Give a 
mechanism for the formation of this product. 


(answer) 


Problem 18.52 


Give structures for the major organic products in each of the following reactions, or 
indicate that there is no reaction. 


a) benzyl bromide + KOH/water 


b) benzyl bromide + Mg/ether, followed by PhCHO, and worked up with aqueous 
acid 


с) benzyl bromide + ђепхепе/ АЈС 


а) benzyl bromide + Mg/ether, followed by benzophenone, and worked up with 
aqueous acid 


e) 2,4-dinitrochlorobenzene + NaSH in water 

f) 2-chloro-1,3-dimethylbenzene  Na/liq. Ammonia 

g) m-dinitrobenzene + chloromethane/AICl, 

h) benzene + CbCzO/AICIs (product has the formula C13Hi0O) 


1) 4-chloro-1-phenylpentane heated with АІСІз in nitrobenzene (the product has the 
formula СиН 14) 


p toluene + methylpropene + HF 


k) benzene + cyclopentene + HF 


(answer) 


Problem 18.53 


Give a synthesis of the monodeuterated p-nitrotoluene shown below, starting with toluene 
and using Grignard methodology. Be careful of the sequence of reactions used. 


CH,D 


NO, 


(answer) 


Problem 18.54 


Consider the following two-step reaction process: 


cHo— Scu сн,о- усну + Br 
slow 
H, O, HO 
СН;О СН," ------>»> CHO СН, ОН 
fast 


a) What type of reaction is this? 
b) Write a rate expression for this reaction. 
с) Consider the effect of doubling (separately) the concentration of the p- 


methoxybenzyl bromide and the hydroxide ion. How will each of these changes affect the 
rate constant and the rate of the reaction? 


d) Draw a resonance structure for the cation produced in the first step such that each 
atom (other than hydrogen) has a complete octet of electrons. 


e) What would happen to the rate of the reaction if a methyl group were present in 
place of the methoxy group? 


(answer) 


Problem 18.55 


Both aniline and bromobenzene have approximately the same dipole moment (~1.5 
Debey). Nitrobenzene has a much larger dipole moment (-3.98 Debey). However, one of 
the pair of compounds shown below has a dipole moment that is larger than that of 
nitrobenzene and the other has a dipole moment smaller than that of nitrobenzene. 
Explain these differences. (HINT - Compare the relative resonance and inductive effects 
of the -Br and -МН; substituents.) Predict whether p-nitroanisole has a larger or smaller 
dipole than does nitrobenzene. Explain your answer. 


Br NH, 


NO; NO; 


(answer) 


Problem 18.56 
Phenol and cyclohexanol have significantly different acidities. By considering their 


conjugate bases, deduce which compound is more acidic. How do you expect the acidity 
of p-nitrophenol to compare with that of phenol? 


(answer) 


Problem 18.57 


Rationalize the fact that 2,4,6-trinitrobenzoic acid is a stronger acid than is 2,4,6- 
trinitrophenylacetic acid (structures below). 


NO; 
2,4,6-trinitrobenzoic acid 

ОМ NO, 

CO;H 

NO, 

2,4,6-trinitrophenylacetic acid 

O,N NO, 

CH,CO,H 


(answer) 


Problem 18.58 


Benzene reacts with СНЗОСНСН(СНҘУСІ in the presence of АСВ to yield 
PhCH;CH(CH3)OCH.;. The mechanism involves the formation of an intermediate three- 
membered cyclic oxonium ion of the formula СНО“. Deduce the structure of this ion, 
and explain the formation of the final product. 


(answer) 


Problem 18.59 
Provide a mechanism for the reaction of p-dinitrobenzene with KOH/water to yield p- 


nitrophenol. In light of your answer, predict the structure of the product of formula 
CoH4N20s obtained by treating 1,2,4-trinitrobenzene with KOH/water. 


(answer) 


Problem 18.60 


When benzene is heated with 1,4-dichlorobutane in the presence of aluminum trichloride, 
a product of formula С „Но is formed. Suggest a structure for this product and provide а 
mechanistic rationale for its formation. 


(answer) 


Problem 18.61 


When styrene is treated with acid, a compound of formula Ci6Hie is formed. Suggest a 
structure for the product and give a mechanism for its formation. (HINT - Begin by 
looking at the protonation of one styrene molecule to give the most stable possible 
carbocation.) 


(answer) 


Problem 18.62 


Give structures for each of the compounds A-C. 


cold, aqueous KMnO, 
>” 
CoHg CoH |00; 
H,, Pd/C 
hot 
aqueous 
KMnO /КОН C 
water 
CoH 10 
ү 1 
CO.H HNMR 
2 quintet, 2.045, relative area 1 
triplet, 2.916, relative area 2 
CO;H singlet, 7.176, relative area ‘ 


(answer) 


Problem 18.63 


Give the major organic product(s) in each of the following reactions, or state that there is 
no reaction. 


a) 1,3-diphenylpropyne + Н ,/Pd(C) —————- С Н; 
b) 

HBr + O,N CH=CH ----- 
©) СІ 

Ho + © NOS > СЊОМ,0, 


NO, 
d) Ph(CH,);COCI + AICI ; > СНО 
е) 
benzonitrile + C „Н. С/АІСІ з | ————» 
f) 


benzyl phenyl ketone + fuming sulfuric acid 


(answer) 


Problem 18.64 


Suggest routes to bring about each of the following synthetic conversions: 


a) 
b) 
с) 
4) 
е) 
f) 
9) 
h) 
i) 
2) 


toluene to 1-phenyl-2-propanol 

toluene to ethyl 4-aminobenzyl ether 

ethylbenzene to phenylacetylene 

toluene to p-ethoxybenzoic acid 

bromobenzene to 2,4-diaminophenol 

benzene to p-bromophenol 

phenylacetylene to acetophenone 

benzyl alcohol to Ph(CH2»5CH?OH 

1-рһепуіргорапе to 1-phenyl-1,2,3-tribromopropane 


benzenesulfonic acid to m-bromophenol 


(answer) 


Problem 18.65 


A substance of formula CgHoBr is unreactive toward nucleophiles under normal 
conditions. However, on reaction with potassium amide in liquid ammonia it gives a 
single product of formula CgsH1iN. Suggest a structure for the starting material and the 
product. 


(answer) 


Problem 18.66 
Provide structures for the compounds indicated D-I. 


HNO;, H5 50, Br, light 


D F 
СвН o Cg; H9NO; CHBrNO, 

ІН NMR 
three singlets, an upfield 
doublet, a downfield 

1. KOH, ethanol broad mulitplet, and an 

2. Br,, CCl 4 А А 

intermediate quartet 


NaNH, 
Н << С 
HgSO,, H, SO, А Н, O 
Y 
I 


(answer) 


18.1-answer 


a) 
NO, 
Ом NO, 
1,3,5-trinitrobenzene 
b) 
NO, 
Cl Cl 


3,5-dichloronitrobenzene 


а 
NO, 


Cl 


2,6-dichloronitrobenzene 


NO, 
NO, 


NO, 


1,2,4-trinitrobenzene 


NO, 
a 


CI 


2,4-dichloronitrobenzene 


СІ 
хо, 


СІ 


2,5-dichloronitrobenzene 


NO, 
NO, 


NO, 


1,2,3-trinitrobenzene 


NO, 
СІ 


2,3-dichloronitrobenzene 


CI 
Cl 


NO, 


3,4-dichloronitrobenzene 


c) Br 
Br a 


CH, CH, 
СІ CH,CH, 


3-bromo-5-chloroethylbenzene 3-bromo-2-chloroethylbenzene 


Cl Br 
Br CH, CH; 
CH,CH, Cl 
2-bromo-3-chloroethylbenzene 2-bromo-6-chloroethylbenzene 
Br Cl Br 
CI Br CH, CH; 
CH; CH; CH; CH; Cl 


4-bromo-3-chloroethylbenzene — 3-bromo-4-chloroethylbenzene — 2-bromo-5-chlorobenzene 


cl CH, CH, CH, CH; 
CH, CH; Br cl 


Br Cl Br 


5-bromo-2-chloroethylbenzene — 2-bromo-4-chloroethylbenzene 4-bromo-2-chloroethylbenzene 


18.2-answer 
a) methoxybenzene 
b) 2-propylbenzene 


с) methylbenzene 


18.3-answer 


a) C(O)CH 3 
Br 
b) CH; 
H, C=CH CH=CH, 
€) CH(CH;), 


O,N NO, 


18.4-answer 


a) The numbering provided does not use the lowest possible numbers for the 
relationship. It should be 2-bromotoluene. 


b) Again, the numbering provided does not use the lowest possible numbers for the 
relationship. It should be 3,4-dichloroanisole. 


18.5-answer 


a) Cl 


b) 


с) 


d) 


CH(CH3)? 


e) 


CH=CH, 


18.6-answer 


a) 


b) 


с) 


d) 


e) 


18.7 -answer 


18.8-answer 


Linear - sp hybridized nitrogen. 


18.9-answer 


Equation 18.3 


(CH 3 ) 2СНСН, СН, + 


Equation 18.4 


CH; CH, СН,- 


> 


+ 
CH, CHCH, 


18.10-answer 


T 

HF + PhCH;OH >  PhCH ОН, > > 
| С 

' 
| CH,Ph 

CHPh rA 

HF + Cy А 
HSO, 


(СН;), С-СН, + Н,5О, 


H,SO, + D _—_________ 


+ 


| hydride shift 


+ 
вон H,CCHCH,CH, 


» 


CH(CH3)CH;CH ; - AM СН(СН) CH, CH; 
ВЕ; + НО Cy Е „ВОН 


18.11-answer 


OH 


PM 
p e ы 


OH 


ВЕ; + 


| =, equilibrium 
Y mixture 


BF, 


CH(CH3)CH;CH;CH; ^ CH(CH,CH,), 


2 1 


The particular carbocation generated initially by reaction of one of the alcohols is rapidly 
equilibrated with that carbocation generated initially by reaction of the other alcohol. 
(The carbocation generated initially from the 2-pentanol is more stabilized than that 
generated initially from the 3-pentanol. Consider why this is the situation.) The rapid 
equilibration of the carbocations (by hydride shift) results in the same mixture of reacting 
species being involved in each reaction, and thereby the same product mixture. 


18.12-answer 


BF; OH 
OH BF; 


as ^Y 


| hydride shift 
Y 


C(CH3)3 


The initially generated carbocation rapidly rearranges to the tert-butyl cation which 
undergoes electrophilic aromatic substitution with the benzene. 


18.13-answer 


- c 
p. ое ose сс, 


CCl, + МА , 


T 
са 
CCl, C.H, CCl, O 3 
E | ИН 
AICI 4 
2 


+ НСІ + AICI з 


AICI, 
+ 
са са 
» 
д 3 


Three electrophilic substitution reactions occur on the carbon originally from 
tetrachloromethane ultimately generating triphenylmethylchloride. 


18.14-answer 


О О 
| [| 
| | 7 С i C 
—С оран 
AICI, 
AICI, | 
Y 
+ = 
Y f ll 
т + СІ,АІОС(О)СН; 
C(O)CH, 
Y 


с(осн; 
or CH,CO,H + AICI, 


18.15-answer 


AICI, 


Cl 


AIC], + НСІ + 


AICI, 


O 


18.16-answer 


(3 


AICI, 


ome 


18.17-answer 


a) O 


CO,H 


b) 


HO,C 


18.18-answer 


Energy 


Cu 


SO, 


С + SO, 
| 'SO,H 
Reaction coordinate [=> 


18.19-answer 


ortho/para directing - Owing to the unshared electron pair residing on the nitrogen, the 
positive charge on the intermediate arenonium ion can be delocalized off the ring (to the 
nitrogen) with ortho/para attack. Of course, such a delocalization is not possible for meta 
attack. 


18.20-answer 


18.21-answer 


H.+ H 
SNo 
| H 


E 


ortho 


para 


18.22-answer 


a) 
OH 


Br 


NO, 
b) 


OH 
NO, 


CH, 


18.23-answer 


CH, 
Ф = CH, 


From the given formula and the identification of the product, the original compound 
contained three carbons and eight hydrogens attached at only two positions (ortho). One 
group must have been a methyl and the other an ethyl. 


18.24-answer 


СО 


18.25-answer 


(a) 


(b) 


(c) 


CH, 


NO, 


CH, 


CH; CO;H 
» ЕЕЕ“) 
AICI H,O 
CH; CO;H 
NO, NH, 
HNO, Sn/HCl 
» » 
H, SO, NO, да 
CH; CH, 
HNO, Вг; br 
» » 
H, SO, Fe 
NO, NO, 
Sn 
HCI 
у 
CH; 
Br 


NH, 


18.26-answer 


a) 


toluene 
b) 
toluene 
с) 
toluene 
d) 
toluene 


Bry CO;H 
» 
Fe 
Br 
CO,H 
CrO, 
> 
H5SO, 
heat 
Br 
CO;H 
СгО; H5SO, 
» » 
H, SO, HNO, 
heat NO, 
Br 
CH; 
B 
Br, Е 
» 
Fe 


NO, 


18.27-answer 


a) 
CO,H 
CH, 
Br Mg CH3C(O)CH з CrO; H, 
2 » » - > > » 
Fe ether aq. acid PtO, 
CH 
сз 
е 
но cg 
b) 
CH, CO,H 
Во Ме D;O CrO, 
> > > > 
re ЕЛЕР aq. acid 


18.28-answer 


The free radical required for the formation of the 2-phenylchloroethane, the minor 
product in the free radical chlorination of ethylbenzene, is one that has minimal 
stabilization. The free radical character has no way to be stabilized by delocalization onto 
the aromatic ring, as is the major means of stabilization of the intermediate for formation 
of 1-phenylchloroethane. The degree of stabilization of the intermediate radical 
determines the energy of activation leading to that intermediate (Hammond postulate), 
the greater the stabilization, the lower the energy of activation. 


18.29-answer 


We expect the favorability for the benzylic substitution product to be even greater, i.e., 
the ratio shoul be >30:1. The selectivity of the reaction is increased using a less reactive 


reagent, such as bromine, as compared to chlorine. 


18.30-answer 
a) 1. СІоЛоћ to give 1-phenylchloroethane 

2. KOH to give styrene 

3. HBr, peroxides to give 2-phenylchloroethane 

4. Mg/ether, followed by fomaldehyde and workup with aq. acid to give the 
target material 


b) 1. Cl,/light to give benzyl chloride 

2: Mg/ether, followed by formaldehyde and workup with aq. acid to give 2- 
phenylethanol 

3. H5SO, facilitated dehydration to give styrene 


18.31-answer 


{У ссы, <) 


The double bond will be protonated so as to generate Ше more stable of Ше two possible 
carbocations. Protonation leading to this product generates a carbocation with a greater 
delocalization of the positive charge than protonation at the alternative site. 


18.32-answer 


Again, the double bond will be protonated preferentially so as to generate the more stable 
of the two possible carbocations. Protonation at the site adjacent to the ring bearing the 
nitro group allows a carbocation to be formed with charge delocalized not only about one 
of the rings, but also off the ring to the methoxy group. 


18.33-answer 


The first step occurs, i.e., the removal of the deuteron adjacent to the fluorine. However, 
fluoride being a very poor leaving group, the fluoride never departs to generate a 
benzyne. Therefore, all that occurs is exchange of the adjacent deuterons for protium 
from the solvent. 


18.34-answer 


Cl PhLi 
----- | + LiCl + РАН 


Li 


OCH, 


Ph 


+ НО” 


Ph 


18.35-answer 


N 
| 


H 
Reaction proceeds by initial formation of the benzyne 


CH, CH, CH, МН, 


followed by the intramolecular addition of the nitrogen to the "near" end of the benzyne 
linkage. 


18.36-answer 


HO Br 


18.37-answer 


ИС а се осн,сн, 
H d ја 
у OCH,CH, 
РН,С--С +X 
H 


Nitro groups in the ortho and para positions of the phenyl rings would speed the reaction 
by stabilizing the negative charge generated in the intermediate. 


18.38-answer 


CI 


~ 


2 
М 


The 4-chloropyridine is the more reactive in this type of reaction. Here the nitrogen of the 
ring bears the negative charge in the intermediate rather than only carbon atoms of the 
ring; being more electronegative, nitrogen can bgetter stabilize the negative charge than 
can carbon. 


18.39-answer 


Ph сн; 
/ 
с=с 
/ \ 
Ph H 


Ph Ph 
/ 
с=с 
J^ X 


Ph CH, 
/ 
с=с 
| \ 
H Ph 


18.40-answer 


For a reaction to proceed via a benzyne mechanism there is required to be a hydrogen 
attached to a site ortho to the halide that is lost. In this instance methyl groups occupy 


both of the ortho positions. 


18.41-answer 


A OH 
NO, 


b) 


H; C = СНСН, СН; 


с) 


СН, Вг 


4) 


е) 
CO,H 


| CH=CH, 


D CO,H 


g) HO 
N 
CHCH, CH, 


h) 


Br 


H4C-C 2: CHCH,CH, 


k) 


CI 


СН» Вг 


ђ 


C=C 


m) CH, CH=CH, 


n) 


OH 
C(O)CH ; 
H,C 
0) 
CH,CI сн; сн; CH, 
Cl 
р) CI 
CH,CH, CH, CH(CH;), CH, CH, CH, CH, 
CH, 
CH, CH, CH, 
CH, 
CH; CH, CH; 
H,C CH; 


сн; 


q) 


r) 


$) 


НО 


CH, 


CH, 


18.42-answer 


a) 


h) 


i) 


2-nitroethylbenzene 
4-bromomethylanisole 
2,6-dimethylethylbenzene 
2,4-dinitrostyrene 
phenylcyclopentane 
3-bromobenzenesulfonic acid 
2,4-dichlorobenzoic acid 
4-bromobenzoic acid 


4-vinylstyrene 


18.43-answer 


0 CH, CH, CH, 


propylbenzene 


b) 


2-phenylbutane 


с) 


ont 1-phenylpropanone 
O 


18.44-answer 


a) In both instances the atom attached to the ring is more electronegative (electron 
withdrawing) than is carbon. However, the resonance effect (electron donating in each 
instance) with oxygen is greater than it is with halogen, resulting in a net electron 
donation to the ring and thereby an activating effect. 


b) The placement of one nitro group on an aromatic ring deactivates it for further 
electrophilic aromatic substitution. Thus, when diphenyl ether is continued under 
conditions for nitration, the ring without the introduced electron withdrawing group is 
preferentially nitrated. 


с) The nitroso group retains an unshared valence level electron pair on the nitrogen 
(attached to the ring) and thereby is capable of electron donation (activation and 
ortho/para-directing) while the nitro group (no unshared valence level electron pair) is 
not capable is not capable of such and is deactivating and meta-directing. 


18.45-answer 


Bromine, being more electronegative than carbon, by induction pulls electrons toward it 
from carbon through the o bond connecting the two atoms. With bromobenzene, but not 
with bromoethane, the unshared valence level electron pairs on bromine are able to be 
delocalized to carbon (the ring) decreasing the level of electron density on bromine and 
thus decreasing the observed dipole moment. 


18.46-answer 


а) Вг 


b) 


с) 


NO, 


d) 


OH 
ON 
OCH; 
e) OH 
ON 
NO; 
f) 
CI 
ОМ 
CH; 


NO, 


18.47-answer 


a) 


CH, 
СІ 
NO, 
d) 
CH, 
HO,S NO; 
NO, 
p CO,H 


CO,H 


b) с) 
NH, Br 
Cl 
O;N Br 
C(O)CH, 
e) f) 
OH 
NH 
2 нс... сн, 


18.48-answer 


b) 


с) 


d) 


OH 


18.49-answer 


a) 


b) 


с) 


4) 


е) 


9) 


h) 


i) 


2) 


К) 


І. СН-СІ, АІСІ; 
2. НМОз, H5804 


— 


_CH;C(O)CI, АСВ 
2. CHCl, АСВ 


— 


. СНЗСІ, АВ 
2. Bro, light 


. CH3CH2Cl, AICI; 
. Bro, light 
3. KOH, НО, heat 


Ne 


1. CH3Cl, АСВ 
2. КМпО4, КОН, H20, heat 
3. Bro, Fe 


І. СН-СІ, АДІСІ; 
2. Вто, Fe 
3. KMnO,, КОН, H,O, heat 


1. НМО., HSO, 
2. Bro, Fe 
Sn, HCl 


1. НМОз, Н>5О,, heat 
2. Clo, Fe 


as with d) 
4. H3BS(CH3) 
5. НО», НО 


as with d) 
4. Bro, CCl 
5. NaNH,, heat 


1. Вг», Fe 
2. Mg, ether 
3. D20 


18.50-answer 


The mechanism is as shown below: 


Ò+ 6— H I 
Ti “cl 


+ 
— 
у 
1 
+ На 
OCH, 


Owing to the polarization of the IC] molecule and the electron-rich nature of the anisole 
ring, additional catalyst is not needed. The electron-rich aromatic ring attacks (anisole) at 
the iodine end (electron-deficient end) of the molecule and proceeds through the ordinary 
electrophilic substitution route, leading to the by-product hydrogen chloride. Attack 
occurs preferentially at the para position of the ring, although a small amount of ortho 
product can be expected. 


18.51-answer 


Н,О + HSO, 


18.52-answer 


a) 


b) 


с) 


d) 


e) 


9) 


No Reaction 


No Reaction 


h) 


CH, 


2) 


С(СН;); 


Н.С 


k) 


18.53-answer 


1. Br», light 

2; Mg/ether 

3. D20 

4. H,SO,, HNO; 


18.54-answer 

a) Sul reaction 

b) Rate = ki[4-methoxybenzyl bromide] 

с) Doubling the concentration of the 4-methoxybenzyl bromide would double the 
rate of the reaction; doubling the concentration of the hydroxide ion would have no effect 


on the rate of the reaction. Neither change in concentration would have any effect on the 
rate constant. 


d) 
+ 
СН;О СН, 
е) Having a methyl group in place of the methoxy group would slow the reaction as 


it would provide less electron donation for stabilization (and ease of formation) of the 
carbocation. 


18.55-answer 


The consideration of relative dipole moments is based on the relative abilities of the 
substituents to donate electron density to the ring through the л system (resonance effect), 
and their relative inductive effects. 


The p-nitroaniline exhibits a larger dipole moment than does p-nitrobromobenzene (or 
nitrobenzene) owing to the strong electron donating effect of the amino group, making 
the charge separation even greater than it is in nitrobenzene. While an electron donating 
resonance effect also operates with the bromo substituent, the significant inductive effect 
in the opposite direction lowers its dipole moment below that of nitrobenzene. 


The p-nitroanisole has a much larger dipole than does nitrobenzene owing to the great 
ability of the methoxy group to donate electron density to the ring through a resonance 
effect, leading to a greater charge separation. 


18.56-answer 


The conjugate base of cyclohexanol is a simple alkoxide ion with the charge localized on 
oxygen. Further, the two alkyl groups attached through the carbinol carbon atom are 
electron donating, making the parent cyclohexanol less acidic than is methanol. 


However, for phenol, the negative charge of the phenoxide ion is delocalized by 
resonance to the ortho and para carbon sites of the ring, thereby stabilizing the anion and 
making the phenol a stronger acid. 


With a nitro group in the para position, there is even greater delocalization of negative 
charge away from the oxygen and stabilization of the anion, thereby making the p- 
nitrophenol a stronger acid than phenol. 


18.57-answer 


In the instance of the 2,4,6-trinitrobenzoic acid, the full electron withdrawing effect of the 
nitro groups is acting directly on the attached carboxylic acid site, stabilizing the 
carboxylate anion of the conjugate base. In the instance of the 2,4,6-trinitrophenylacetic 
acid the electron withdrawing effect of the nitro groups remains on the ring, but the 
carboxylate group (carboxylic acid functionality) is "insulated" from the ring (and 
thereby the effect of the nitro groups) by the intervening methylene group. 


18.58-answer 


The intermediate ion generated is: 


De 


о + 
аты 
C—C 

Н.С” н `н 


Benzene, donating an electron pair in the electrophilic aromatic substitution process, does 
so at the less hindered of the sites of the oxonium ring, the CH, site. 


18.59-answer 


NO; ON OH 
> 
| + 
NO, _ Nt. 
07 ^o 


OH 


+ NO,” 


NO, 


For reaction of 1,2,4-trinitrobenzene, reaction will occur preferentially at the 4-position to 


give the product: 


OH 


O,N 
NO, 


18.60-answer 


This product is generated by two successive Friedel-Crafts reactions, the first between the 
benzene and the 1,4-dichlorobutane, and the second intramolecularly with the substituted 
benzene intermediate, 4-chloro-1-phenylbutane. 


18.61-answer 


о. ЕР 


-H* 


18.62-answer 


18.63-answer 


a) 1,3-diphenylpropane 


b) ол-( Уос) 


с) 


d) ф 4 
O 
CN 


e) 


18.64-answer 


a) 


b) 


с) 


4) 


е) 


9) 


h) 


i) 


) 


. Bro, light 
. Mg/ether 
.Н>С-О 


. HNO;, Н,804 
. Br», light 

. NaOC;Hs 

. Sn/HCl 


. Bro, light 

. potassium f-butoxide 
. Bro, ССЦ 

: NaNH2 


. fuming sulfuric acid 

. KOH, heat 

. sodium carbonate, bromoethane 

. КМпО4, KOH, water (acid workup) 


. НМОз, Н>5О,, heat 


Sn/HCl 


. KOH 


. Bro, Fe 
. fuming sulfuric acid 


3. 


KOH, heat 


НО, acid 


. HBr 
. Mg/ether 
. ethylene oxide 


. Br», light 

. potassium f-butoxide 
. NBS 

. Bro, ССи 


. Bro, Fe 
. KOH, heat 


18.65-answer 


CH; CH, 


Br NH, 
CH; CH; 


reactant product 


18.66-answer 


Br 
NO; NO, 
D E F 
Br 
Br | | О 
NO, NO, NO, 


ALDEHYDES AND KETONES: 
PREPARATION, PROPERTIES, 
AND NUCLEOPHILIC ADDITION 
REACTIONS 


19.1 INTRODUCTION 


In this chapter we will be concerned with the chemistry of aldehydes and ketones. Both classes 
of compounds contain the carbonyl functional group: 


b 
С--О 
/ 


The carbonyl group is polar. The carbon end of the С-О linkage is the positive end 
(electron-deficient) and the oxygen end is the negative end (electron-rich) of the dipole. The 
carbonyl group undergoes reaction with many nucleophiles. In these reactions the nucleophile 
forms a bond to the carbon atom, and a pair of electrons from the carbon-oxygen double bond 
is displaced onto the oxygen atom as a valence level unshared electron pair. This type of reac- 
tion is known as a nucleophilic addition reaction. We will survey several examples of this type 
of reaction and discuss their applications for synthetic purposes. 

Another important property of compounds containing the carbonyl group is the enhanced 
acidity of the hydrogen atoms bound to a carbon atom immediately adjoining the carbonyl 
group. When a base removes a proton from such a position, the anion produced is stabilized by 
resonance having the negative charge delocalized between the carbon supplying the proton and 
the carbonyl oxygen atom. This type of resonance-stabilized conjugate base of a carbonyl com- 
pound is known as an enolate anion. We will discuss the chemistry of enolate anions briefly in 
this chapter and in more detail in Chapter 23. Enolate anions participate in a wide variety of 
reactions useful for synthetic purposes. 

In general, carbonyl compounds have a very rich chemistry. In fact, we find the carbonyl 
group to be one of the most important of the organic functional groups as a result of its range of 
chemical reactions. Compounds containing this functional group abound in nature. Many play 
important roles in biological processes, and in addition, many have commercial value. 
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19.2 CLASSIFICATION AND NOMENCLATURE 


Aldehydes, ketones, and many other types of substances contain the carbonyl group. The major 
possibilities are shown in Figure 19.1. However, for all of these types of compounds except 
aldehydes and ketones, we think of the carbonyl group as being part of a larger functional group. 
For example, the carboxylic acid functionality (CO2H) contains a hydroxyl group as well as the 
carbonyl group. There are numerous ways in which the chemistry of aldehydes and ketones is 
similar to that of the other carbonyl compounds. However, there are also major differences. 
Thus, we separate our discussion of these other types of compounds and will look at them in 
detail in later chapters. 

Figure 19.2 shows the structures of some common aldehydes and ketones that occur in 
biological systems. 

For simple aldehydes the IUPAC name is derived by changing the final-e of the parent alkane 
name to -al. The carbon atom of the carbonyl group is assigned carbon number 1 of the chain, 
and any substituents or other functional groups are named and numbered in the usual way. 
Several examples are shown in Figure 19.3. 

The four simplest aldehydes have common names that are frequently used: 


formaldehyde (methanal) H,C=O 
acetaldehyde (ethanal) H3CCHO 
propionaldehyde (ргорапа!) CH;CH,CHO 
butyraldehyde (butanal) CH;CH,CH,CHO 


These names are derived from the common names of the corresponding carboxylic acids 
(see Chapter 21). A systematic method for naming aldehydes in which the carbonyl group is 
attached to a cyclic alkyl or aryl group uses the name carbaldehyde, as shown in Figure 19.4. 

For some nomenclature purposes we refer to the -CHO group as a formyl substituent, and 
classify reactions that introduce a -CHO group into a molecule as formylation reactions. Two 
examples of aldehydes named using this system are shown in Figure 19.5. 

To name open-chain ketones using the IUPAC method, we replace the final -e of the parent 
alkane name with -one (pronounced *own") and specify the position of the carbonyl carbon 


O 
| | | | 
С 
RX ^H в7 сек R^ Тон R^ Ток 
aldehyde ketone carboxylic acid ester 
O O O O O 
22 | MM 
С 
R^ ^NR, в7 “58 ко ^X R^ ^o^ ^R 
amide thioester acyl (or acid) halide anhydride 


Figure 19.1 Classes of compounds containing the carbonyl group. One particular 
aldehyde, formaldehyde (methanal), has hydrogen as the R group. 


benzaldehyde 
(oil of almonds) 
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progesterone 
(female sex hormone) 


© СН; 

О 
C 
Bi: 
HO 
C 

OCH ш 
3 НЗС "CH, 

= carvone 

vanillin 


(—)-carvone—spearmint oil 


(vents Deas) (+)-carvone—caraway seed oil 


Figure 19.2 Examples of aldehydes and ketones occurring in biological systems. 


CH,CH,CH,CHO 


butanal 


H CHO 


Nc 
Ж 


CH5 H 


(E)-3-phenylpropenal 


common name: 
trans-cinnamaldehyde 


CH4(CH;),CHO 


Br 


У 69 


2-bromopropanal 


OH 
нә ы 
СНО 


2,3-dihydroxypropanal 


common name: 
glyceraldehyde 


FicuRE 19.3 Examples of IUPAC nomenclature of aldehydes. 


795 


706 ORGANIC CHEMISTRY 


CHO CHO 
OH 


cyclohexanecarbaldehyde 2-hydroxybenzenecarbaldehyde 


(usually known as salicylaldehyde, also 
called 2-hydroxybenzaldehyde) 


Figure 19.4 Nomenclature of cyclic aldehydes. 


CHO O 


SO3H 
CHO 


2-formylbenzenesulfonic acid | 3-formylcyclopentanone 
Figure 19.5 Nomenclature of the -CHO group as a formyl substituent. This type of 


nomenclature is used when the formyl group is present with another group 
of higher nomenclature priority. 


di d c dad СҮ 


3-decanone 2-cycloheptenone 


1,1,1-trichloro-3-phenyl-2-butanone 


FigurE 19.6 Examples of IUPAC nomenclature for ketones. 


along the chain with a numerical prefix. For cyclic ketones, the carbonyl carbon atom is always 
given the number 1. Several examples of ketone nomenclature are shown in Figure 19.6. 

The simplest ketones also have common names. For example, we usually refer to propanone 
[(CH3);C20] as acetone. Butanone is commonly known as methyl ethyl ketone (or MEK), and 
3-pentanone is known as diethyl ketone. 
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Another nomenclature system is used for ketones in which the carbonyl group is attached to 
an aromatic ring. This system considers the substituent of the aromatic ring as an acyl group. 
Several examples are shown in Figure 19.7, wherein the acyl substituent portion is emphasized. 

If a keto-functionality is present in a molecule along with another group of higher nomen- 
clature priority, we indicate the presence of the ketone functionality by the prefix oxo- with a 
number indicating its location. For example, the following compound has the IUPAC name 
2-oxohexanoic acid. 

O 


HO,C PF 


A final point of nomenclature concerns the use of Greek letters to designate the relative positions 
of carbon atoms of aldehydes or ketones. We designate a carbon directly attached to a carbonyl 
carbon atom as an Q-position. Moving away from the carbonyl carbon, succeeding carbon atoms 
have designations of р-, y-, and so forth, as shown in Figure 19.8. 

Greek letters are sometimes used to designate the position of substituents in common 
(non-IUPAC) names of carbonyl compounds. Several examples are shown in Figure 19.9. 


O 
Br 
acetophenone 4-bromopropiophenone 
O 
Co 076 
acetonaphthone benzophenone 


Figure 19.7 A common nomenclature system for aromatic ketones. Тһе “acyl” portion is 
emphasized by inclusion in a block. 


Figure 19.8 Use of Greek letters to designate carbon atoms of an aldehyde or ketone 
based on their position relative to the carbonyl carbon atom. 
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xm 


CHO 
а^“ СН; 
p-chloropropionaldehyde a-phenylpropionaldehyde 
3-chloropropanal 2-phenylpropanal 
НЗС CHCl, CIH,C СН-СІ 
O O 
a, o-dichloroacetone a, 0'-dichloroacetone 
1,1-dichloropropanone 1,3-dichloropropanone 


Figure 19.9 Use of Greek letters to designate the position of substituents in common 
names of carbonyl compounds. 


19.3 BONDING ABOUT THE CARBONYL GROUP 


According to the valence bond model, the carbon and the oxygen atom of a carbonyl group are 
sp? hybridized. One of the carbon sp? hybrids forms a б bond to the carbonyl oxygen atom, and 
the other two form б bonds to the other two substituents. A carbon-oxygen л bond results from 
side-to-side overlap of the unhybridized carbon 2p and oxygen 2p orbitals. 

Using a molecular orbital model, we find much the same description of the bonding situa- 
tion, but also several other notable points that help us to understand details of carbonyl 
chemistry. The x and л* molecular orbitals of the carbonyl linkage are generated by combina- 
tion of the two p orbitals interacting in a side-to-side manner. The results of this combination are 
shown in Figure 19.10. This diagram is similar to those shown earlier for the т orbitals of a 
carbon-carbon double bond (e.g., Figure 9.12). However, there is an important difference here. 
In this instance, the two atomic orbitals being combined are not of the same energy. The oxygen 
2p orbital is lower in energy than the carbon 2p orbital. When two orbitals of unequal energy 
are combined, they do not contribute equally in each of the resulting molecular orbitals. Each 
molecular orbital is more like that atomic orbital to which it is closer in energy. Thus, the bond- 
ing л molecular orbital of the carbonyl group has more oxygen 2p character than carbon 2p 
character. We indicate this schematically by drawing the lobe on oxygen larger than the lobe on 
carbon. Another way of saying this is to note that the electron density in the л bonding molec- 
ular orbital is greater near the oxygen end than it is at the carbon end of the bond. This results 
in the carbon site of the carbonyl group being electron deficient (electrophilic) while the oxygen 
atom is electron rich. In mathematical terms, the wavefunction for the xt bonding molecular 
orbital is as described by Equation 19.1, in which the coefficient for the oxygen component (5) 
is greater than the coefficient for the carbon component (a). That is, b > a. 


Чт) = a$ (Cap) + bó(05,) (Eq. 19.1) 
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Since oxygen is more electronegative than is carbon, there is a dipole associated with the 
carbon-oxygen bond of an aldehyde or a ketone, as illustrated in Figure 19.11. This bond polar- 
ity is of the utmost importance in the chemistry of aldehydes and ketones. In particular, the 
carbon atom, which is the positive end of the dipole and which bears the larger lobe in the empty 


C2p 


O 2p 


Figure 19.10 Orbital diagram for the x and т* molecular orbitals of the carbonyl group. 


= E 


H С 
\ 
с--0 C=O 
/ / 
H НЗС 
| = 2.270 | = 2.850 


Ғісиве 19.11 Bond dipole in carbonyl compounds. The polarity of the carbon-oxygen bond 
results in appreciable dipole moments for most aldehydes and ketones. 
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E ИСТ Н.С H 
C—O + H* — \ _ А 
ani: --- С--О 


НЗС Н.С 


Figure 19.12 Reversible protonation of the oxygen of a carbonyl group. 


д“ molecular orbital, is susceptible to nucleophilic attack. We will come back to this aspect of 
the x linkage and the associated molecular orbitals later in this chapter to help us understand the 
nature of reactions of the carbonyl group. 

Aldehydes and ketones are protonated on the oxygen atom when placed in acidic solution. 
We correlate this behavior with the presence of the unshared valence level electron pairs on 
the oxygen atom. This type of protonation is illustrated in Figure 19.12. This basic character 
of the carbonyl group plays an important role in its overall chemistry, as will become evident 
in the further considerations of this chapter. 


19.4 PHYSICAL PROPERTIES OF CARBONYL 
COMPOUNDS 


Because of their polar nature, aldehydes and ketones have boiling temperatures that are higher 
than those of hydrocarbons of similar molecular weight. However, because neither aldehydes 
nor ketones are capable of participating in hydrogen bonding with one another, their ability to 


Special Topic 


Juglone 
OH о 


O 


For all practical purposes, we are unable to grow certain plants near certain other plants. The reasons 
for this are chemical in origin. One type of plant releases a substance into the soil that prevents the 
growth of another type of plant. A classical example of this phenomenon occurs with the black wal- 
nut tree (Juglonis nigra). Plants such as tomatoes and raspberries will not grow near a black walnut 
tree as a result of the compound juglone, which is produced by the black walnut tree and exuded into 
the soil. This phenomenon is known as alleopathy. 

The compound juglone is a type of carbonyl compound known as a quinone. Its two carbonyl 
groups are in conjugation with the adjacent aromatic ring, as well as the carbon-carbon double bond 
in their own ring. This compound and others of its type that exhibit alleopathy are of considerable 
interest as potential agents for the control of weeds. 
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ТАВІЕ 19.1 Comparison of Boiling Temperatures of an Alkane, an Aldehyde, a Ketone, 


and an Alcohol of Similar Molecular Weight. 


Compound Boiling Temperature (°C) Molecular Weight 
CH3CH;CH;CH; = 58 
СНзСН›СНО 48 58 
(СНз)›С=О 56 58 
CH3CH;CH;OH 98 60 


aggregate is /ess than that of alcohols of similar molecular weight. Thus, while aldehydes and 
ketones are less volatile than similar molecular weight hydrocarbons, they are more volatile 
(have lower boiling temperatures) than do alcohols of similar molecular weight. Some compar- 
isons of boiling temperatures are shown in Table 19.1. 

Pure formaldehyde is a gas at low pressure and ordinary temperature. A solution of 
formaldehyde in water (known as formalin) is used for preserving biological specimens. As we 
shall see in later considerations, this form of formaldehyde is quite unsuitable for many chemi- 
cal reactions. We will need to use an anhydrous polymeric or trimeric form of formaldehyde for 
such processes. The other low molecular weight members of the aldehyde and ketone families 
are liquids with appreciable water solubilities. Hydrogen bonding of these molecules with water 
(water supplying the hydrogen, the carbonyl compound the electron pair) is possible, and their 
water solubility is quite high. Many of these compounds have characteristic odors (some pleas- 
ant, some unpleasant), and they are widely used as flavoring constituents. The properties of some 
representative aldehydes and ketones are shown in Table 19.2. 


19.5 IR AND NMR SPECTRA OF ALDEHYDES AND 
KETONES 


The most characteristic signature of a carbonyl compound is an intense absorption band in the 
IR region 1650-1850 ст“!. All compounds containing a carbonyl linkage, including carboxylic 
acids, esters, and amides, as well as aldehydes and ketones, give rise to this IR absorption. Thus, 
we need to apply some caution in making structural assignments based solely on the presence 
of a carbonyl band in the IR spectrum. 

Nevertheless, the frequency of the C=O stretching vibration varies considerably with the 
type of carbonyl group present, and this variation is useful in making structural assignments. In 
general, the frequency (wavenumber) of the absorption is decreased when the C=O bond is 
weakened and increased when the bond is strengthened. For example, Figure 19.13 compares 
the C=O absorption frequencies for acetophenone and a nonaromatic ketone of similar size, 
cyclohexyl methyl ketone. The relative weakness of the C=O bond in acetophenone correlates 
with its conjugation with the x system of the aromatic ring. We can draw resonance structures 
showing this conjugation, and such structures include those in which a positive charge is located 
on the ring. These resonance structures are shown in Figure 19.14. No corresponding resonance 
structures can be written for cyclohexyl methyl ketone. Because of this delocalization of the 
carbonyl л electrons, the carbonyl linkage of acetophenone has less double bond character than 


712 ORGANIC CHEMISTRY 


TaBLE 19.2 Physical Properties of Representative Aldehydes and Ketones. 


Structure Name Melting Boiling Water Solubility 
Temperature (^C) Temperature (^C) (2/1009) 
H,C=O formaldehyde =92 -21 miscible 
(methanal) 
CH;CHO acetaldehyde =121 2l miscible 
(ethanal) 
CH;CH,CHO propanal -81 49 20 
C,;H;CHO benzaldehyde —26 179 0.3 
OH 
OX salicylaldehyde 
CHO (2-hydroxy- 
benzaldehyde) —7 Ig slight 
CHO 
ҮЙ p-anisaldehyde 
СН;О (4-methoxy- 
benzaldehyde) 3 248 slight 
(СНз)›С=О acetone 
(propanone) m 56 miscible 
O 
и. 2-butanone a 80 37 
O 
PRE 2-pentanone —78 102 slight 
(СН:СН,):С-О 3-pentanone -40 102 4.7 
о 
cyclopentanone —51 131 43 
. 
cyclohexanone -16 156 slight 
| 
С 
5 
H3C СН; acetophenone 20 202 insoluble 
(СН5): С=О benzophenone 48 306 insoluble 
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C=O stretching acetophenone cyclohexyl methyl! ketone 
frequency (em!) 1685 1715 


Figure 19.13 Comparison of the C=O stretching frequencies of acetophenone and 
cyclohexyl methyl ketone. 


О = Е 


е ji 
C ct А 2С 
| | 7 
„С „С 
“сн; “сн; 
+ + 


Figure 19.14 Resonance structures for acetophenone. In several structures the carbon- 
oxygen bond is single. In three of these structures the carbonyl carbon is 
involved in a double bond with an adjacent carbon atom of the aromatic 
ring. No such structures can be drawn for cyclohexyl methyl ketone. The 
carbonyl linkage of acetophenone is accordingly longer than that of 
cyclohexyl methyl ketone and has less double bond character. 


that of cyclohexyl methyl ketone. Thus, acetophenone absorbs IR light of a lower frequency, 
because weaker bonds have smaller force constants. 

It is often possible to distinguish aldehydes from ketones by the appearance of bands in the 
2700-2800 cm-! region of the IR spectrum of aldehydes. Unfortunately, these bands are at times 
weak or poorly resolved. A better differentiation comes from the appearance of a very low field 
(9.5-10.1 6) signal for the aldehydic hydrogen in the ІН NMR spectrum. 

In the ІН NMR spectrum of a methyl ketone, a sharp methyl singlet can be found. With 
methyl alkyl ketones this occurs at ~2.2 б, and with methyl aryl ketones it occurs at ~2.6 6. In the 
ЗС NMR spectrum of aldehydes and ketones the carbonyl carbon signal occurs -200-220 ppm 
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downfield from TMS. Methyl groups (electron-donating groups) attached to the о and B carbons 
cause moderate downfield shifts of the carbonyl carbon signal. On the other hand, electron- 
withdrawing substituents at Фе O-position cause the carbonyl carbon signal to be shifted 
upfield. 


19.6 PREPARATION OF ALDEHYDES AND KETONES 


FROM ALCOHOLS BY OXIDATION 


The most generally important method for the preparation of aldehydes and ketones is the 
oxidation of alcohols. In Chapter 6 we surveyed suitable oxidizing agents for this type of 
conversion. (You should at this time review the material from this section of alcohol oxidation 
with a view toward syntheses of aldehydes and ketones.) In general, the oxidation of a secondary 
alcohol to a ketone proceeds well with a variety of oxidizing agents. However, oxidation of a 
primary alcohol with the end result of isolation of an aldehyde requires a careful choice of 
reagent and/or conditions of reaction; overoxidation to generate a carboxylic acid (or its salt) 
occurs readily and generally we must take precautions to prevent that result when we wish to 
isolate the aldehyde. 

The most widely used oxidizing agents for the alcohol-to-carbonyl conversion are Cr(VI) 
reagents. Chromium trioxide dissolved in acetic acid or sulfuric acid/acetone (the Jones 
reagent) is particularly convenient for the oxidation of secondary alcohols to ketones. Sodium 
or potassium dichromate in sulfuric acid is also useful for the same purpose. 

Chromium trioxide in pyridine is a common choice for the oxidation of primary alcohols to 
aldehydes. Continued oxidation of the aldehyde to a carboxylic acid occurs only very slowly, 
allowing isolation of the desired aldehyde. Thereby, use of this reagent avoids the problem of 
overoxidation of the aldehyde. 

For the present we will emphasize particularly the use of Cr(VI) reagents for the preparation 
of carbonyl compounds from alcohols, along with one other method particularly useful for the 
preparation of aldehydes from primary alcohols. Other high oxidiation state metal oxidation 
reagents have been discussed in Chapter 6. Several examples of Cr(VI) reagent usage were 
mentioned there, and additional examples are shown in Equations 19.2-19.5. Notice that in 
Equation 19.5 the ethyl substituent is not converted into a carboxyl group as it would be if the 
substituent were attached to a benzene ring (see Section 18.10). Side-chain oxidation occurs 
only when the substituent is attached to an aromatic ring. 


СН,ОН CHO 
CrO;, pyridine 
— 
OH СНС. OH 
m-hydroxybenzyl alcohol m-hydroxybenzaldehyde 


87% yield (Eq. 19.2) 
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H H 
Г 3 СгОз, acetic acid "n 3 
CH — > С 
\ \ 
ОН О 
1-cyclopentylethanol cyclopentyl methyl ketone 
54% yield (Eq. 19.3) 
oa sulfuric acid О 
— NES 
(Jones reagent) 
cycloóctanol cycloóctanone 
95% yield (Eq. 19.4) 
CH,CH3 CH,CH3 
Na,Cr,07 
— 
aq. sulfuric acid 
OH 
4-ethylcyclohexanol 4-ethylcyclohexanone 
90% yield (Eq. 19.5) 


An important alternative approach for the preparation of aldehydes from primary alcohols 
that avoids the possibility of overoxidation is the Moffatt oxidation. In this approach no high 
oxidation state metal is used, but rather oxidation is accomplished through the use of dimethyl 
sulfoxide (DMSO 12.1) and dicyclohexylcarbodiimide (DCC, 19.1) in the presence of a 
catalytic amount of acid. An example of the use of this reagent system for the preparation of an 
aldehyde is shown in Equation 19.6. A knowledge of the mechanism of this reaction leads us to 
an understanding of the reason overoxidation to form a carboxylic acid does not occur; the 
reaction requires an alcohol functional group to be involved in an addition reaction before the 
actual oxidation can occur. A carbonyl group (aldehyde) is not capable of participating in such 
a process. You should note that it is the DMSO that serves as the oxidizing agent, dimethyl 
sulfide being produced by its reduction. The role of the DCC is to pick up the equivalent of a 


molecule of water. 
= М---С---М 20. 


dicyclohexylcarbodiimide 
19.1 
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OH OH 
H3C SN H3C NN 
HO м O DMSO, DCC о. ом O 
O ——_.. тт O 
НзРО4 
AcO AcO 
3'-O-acetyl-2'-deoxythymidine 3'-O-acetyl-2'-deoxythymidine-5'-aldehyde 
61% yield 


(Eq. 19.6) 


FROM ALKYNES BV HYDRATION 


We can convert alkynes into aldehydes or ketones by hydration, as was described earlier. The 
hydration of an alkyne is accomplished by either a direct hydration procedure or via hydrobora- 
tion/oxidation. In either instance, an enol forms initially, which then tautomerizes to an aldehyde 
or a ketone. Examples of these reactions were shown previously in Chapter 15. Additional 
examples are given in s Equations 19.7 and 19.8. 


HgSO,, H,O CH (CH ) 
3 2/6 CH 
CH4(CHjg—CZC—H | ——————— "eque vo 
H5SO, || 
(0) 
1-попупе 2-попапопе 
9190 yield (Ед. 19.7) 


1. [(CH3)2CHCH(CH3),BH CH4(CH H 
CH,(CH,);—C=C—H --------- ХСН2)6> си 
2. НО», KOH || 
О 
1-осіупе octanal 
7096 yield 


(Eq. 19.8) 


FROM AROMATIC COMPOUNDS BY ELECTROPHILIC SUBSTITUTION 


It is possible to introduce a formyl group (-CHO) or another acyl group (-CRO) onto ап 
aromatic ring by electrophilic aromatic substitution. The Friedel-Crafts acylation method, which 
was described in Chapter 18, can be used to accomplish this conversion. In Equation 19.9 we 
see another sample of this type of reaction. 
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The Moffatt Oxidation 


Step 1 Protonation of DCC. 
H 


H* + | 
ФА 5) — { )—х=с—х 


Step 2 Reaction of the DMSO with the protonated DCC. 


- | | 
Зоо Фани бин аи 
О" О + 
| `“8—сн, 
Н.С — СН; | 
НЗС 


Step 3 Displacement by Ше alcohol functionality. 
" 
| 1 


ине) — NA 


С 
Ot | | 
177 O 
"s НЗС + „сн 
3 N S Pd 3 
R—C —H R—C—y 
à | 
Step 4 Loss of а proton from carbon to form ап ylid. 
+ + 
НЗС ~ ©з А НЗС и past 
5 -Н 5 
N —— \ 
O O 


H H 
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Step 5 Abstraction of a proton intramolecularly to form the aldehyde (carbonyl group) and 
dimethyl sulfide. 


NN ) — 
О О 
er а” 


Н 


CH; CH; 
C4H3COCI, AICI} 


оке 


C 
> 
O^ “сн; 


toluene phenyl 4-methylphenyl ketone 
92% yield (Eq. 19.9) 


However, the generalized reaction is limited in scope in that some aromatic compounds are 
too deactivated to undergo the acylation reaction. Moreover, the preparation of aldehydes 
requires a modified procedure. We would imagine that we could use formyl halides (HCOX) to 
prepare aldehydes, but except for formyl fluoride (X = F), such halides are too reactive to be iso- 
lated and thus are not available for the standard Friedel-Crafts acylation. We can perform the 
formylation of an aromatic ring by treating the substrate with carbon monoxide and hydrogen 
chloride in the presence of a Lewis acid. This procedure, known as the Gatterman-Koch syn- 
thesis, in effect produces formyl chloride in situ. The yields in this reaction are variable, but are 
sufficiently high for it to be of significance for the industrial preparation of some important alde- 
hydes. The reaction involving benzene is shown in Equation 19.10. 


CHO 
@ CO, НСІ, AICI, 
—— > 
benzene benzaldehyde 
85% yield 


(Eq. 19.10) 


It is also possible to use formyl fluoride and the Lewis acid BF; to accomplish formylation, 
as shown in Equation19.11. 
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HCOF, EE И 
CHO 
mesitylene 2,4,6-trimethylbenzaldehyde 
70% yield (Eq. 19.11) 


There is also a special reaction for the formylation of phenolic compounds. Formylation 
ortho to the hydroxyl group occurs in the Reimer-Tiemann reaction, which involves treating a 
phenol with chloroform and base. An example is shown in Equation 19.12. 


OH OH 
CHCl; CHO 
зе NaOH БЕ 
a-naphthol 1-hydroxy-2-naphthaldehyde 
50% yield (Eq. 19.12) 


Mechanism 


The Reimer-Tiemann Reaction 
Step 1 Removal of a proton from chloroform. 
HO -H—CCh ------” H,0+ СС 
Step 2 Dissociation of the trichloromethyl anion. 
“CCl, = СГ + ССІ, 


Step 3 Addition of dichlorocarbene to ће phenoxide anion. 


O a 
ССІ 
+ CCl, — H 


Step 4 Abstraction of a proton from water. 


= О 
CCl, CHCl, 
+ НО — " 
H - H + HO 
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Step 5 Tautomerization to form a substituted phenol. 


о о 
CHCI, CHCI, 


H 


Step 6 Displacement of halide by hydroxide ion. 


OH OH 
СНС, HO CHCIOH 
—— + СГ 


Step 7 Loss of HCI to form Ше aldehyde. 


OH OH 
CHCIOH CHO 
— + HCl 


The reaction of chloroform with base produces dichlorocarbene, a highly reactive species that 
we met earlier. The carbene is electron deficient and behaves as an electrophile toward the electron- 
rich aromatic ring. Its reaction is typical of other electrophilic aromatic substitution reactions. 
However, under these reaction conditions, one of the two chlorines on the carbon attached to the 
ring undergoes nucleophilic substitution by a hydroxyl ion, leading initially to a species bearing a 
hydroxyl group and a halogen on the same carbon atom, and ultimately leading to the aldehyde. The 
mechanism is illustrative of several aspects of organic reactions. Among these points is the fact that 
the requirement for a high electron density on the aromatic compound is required. This characteris- 
tic is provided with the phenoxide anion, which is produced from the phenol under the basic 
conditions required for generation of the dichlorocarbene. Further, the ortho specificity of the reac- 
tion is suggestive that interaction of the dichlorocarbene with the oxygen site occurs to some extent 
placing the incoming group at a site close to that oxygen. 

Phenols (and some other aromatics that are particularly reactive toward electrophilic substitu- 
tion) undergo acylation, usually in good yields, by the Hoesch reaction. This reaction involves the 
following components: the aromatic compound, an acid such as sulfuric or hydrochloric acid, a 
nitrile, and in some instances a Lewis acid catalyst. An example of the Hoesch reaction is shown in 
Equation 19.13. We will return later to the Hoesch reaction in a problem considering its mechanism. 


He 2 O 
OH 1. CH3CN OH 
НСІ, ZnCl, 
OH 2. H20 OH 
resorcinol 2,4-dihydroxyacetophenone 


70% yield (Eq. 19.13) 
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Special Topic 


ortho Specific Reactions 


Most electrophilic aromatic substitution reactions that involve activating groups and associated 
ortho/para directing effects exhibit preference for para substitution. We generally presume this to be 
caused by steric factors. However, some reactions (such as the Reimer-Tiemann reaction) exhibit 
ortho specificity. This can be linked to particular interactions of the group originally attached to the 
aromatic ring and the incoming reagent. Another example of ortho-specific chlorination and its util- 
ity is shown below using an aromatic nitrone reagent. 


= 
| SOCL | a 
ZN. ^ — > Nt 


a.-styryl-N-phenylnitrone 


HN 


o-chloroaniline 


The initial reaction occurs at the electron rich oxygen of the nitrone, which holds the remaining reac- 
tive halogen (intermediate shown below) in position for reaction preferentially at the ortho position. 


O 
|| 
5 


7 
Фи: 


СГ 


FROM 1,2-0т015 VIA THE PINACOL/PINACOLONE REARRANGEMENT 


A mechanistically interesting route to aldehydes and ketones is a reaction of 1,2-diols 
(glycols, vicinal diols) known as the pinacol/pinacolone rearrengement. This reaction 
occurs when a 1,2-diol is treated with a moderately concentrated mineral acid, such as sulfu- 
ric acid. An example is shown in Equation 19.14; pinacol (a trivial name for 
2,3-dimethyl-2,3-butanediol) is converted to pinacolone (tert-butyl methyl ketone). Other 
diols react in a similar manner. 
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Н сн; Н.С T5 
нус ©те CH H2504 me o 
HO он о 
pinacol pinacolone 
70% yield (Eq. 19.14) 


The Pinacol/Pinacolone Rearrangement 


Step 1 Protonation of the glycol. 


H3C H3C 
| | CH “> | | CH 
3 3 
нас” | чс = нас” | с 
Ho | Ho | 
OH OH; 
T 
Step 2 Loss of water to form a carbocation. 
НЗС НЗС 
| |“ | |“ 
C CH C CH 
нус [c^ TE нс ГУС 3 + во 
но | Ho ^* 
он; 


Step 3 Rearrangement of the carbocation. The second resonance is particularly stabilized since 
all non-hydrogen atoms have a noble gas electron configuration. 


C | "TH C | 
с°з —— | 7 о E <n CBS 
НО + НО | HO | 
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Step 4 Loss of a proton to yield the product. 


The mechanism of the pinacol/pinacolone rearrangement involves several steps. Reaction 
begins with the protonation of one of the hydroxyl groups and the subsequent loss of water to 
form a carbocation. In the example shown, the two hydroxyl groups are chemically equivalent 
and the same carbocation results from the protonation of either of them. If the two hydroxyl 
groups are not equivalent, reaction leads to the formation of the more stable of the two possible 
carbocations. The carbocation so formed then rearranges by means of alkyl migration. The 
driving force for the migration is the formation of a more stable carbocation, one that is 
resonance stabilized. Even though the initially formed carbocation is tertiary, a rearrangement is 
still favorable because the rearranged carbocation is resonance stabilized. (The rearranged 
carbocation has a contributing resonance structure in which every non-hydrogen atom has a 
noble gas electronic configuration.) The rearranged carbocation is a protonated ketone that exists 
in equilibrium with the free ketone through an acid-base equilibrium. 

When there is competition among potential migrating groups, an aryl group generally 
migrates in preference to an alkyl group (see Figure 19.15). However, the propensity of 
hydrogen to migrate in preference to aryl and alkyl groups varies greatly from compound to 
compound and is difficult to predict. 


Н.С НС 
OH Н,504 DH 
H5C6 CH; о НС + CoH 
HO 
CH; CH; 
HC нұс 
ОН ОН 
H5C, А H5C6 СН; 
Н;С; CH, + 
сн; 


Ғісиве 19.15 Migratory preference in the pinacol/pinacolone rearrangement. An aryl 
group generally migrates in preference to an alkyl group. We say that an 
aryl group has a greater migratory aptitude than does an alkyl group. 
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FROM ACID HALIDES AND REDUCING AGENTS OR ORGANOMETALLICS 


We can prepare aldehydes and ketones from acid halides (compounds of structure RCOX). We 
have met acid halides previously in the Friedel-Crafts acylation, and will consider them in detail 
in Chapter 22. To prepare aldehydes from acid halides we need to perform a reduction, replacing 
the halogen atom with a hydrogen atom. Several approaches can be used. 

One approach is a catalytic hydrogenation procedure known as the Rosenmund reduction. 
In this reaction the catalyst is palladium supported on barium sulfate. Equation 19.15 provides 
an example of this reaction. 


Н; 
[jJ 9 ші 
Pd/BaSO, 


cyclohexylethanoyl chloride cyclohexylethanal 
70% yield 

(Eq. 19.15) 

We must use the special supported catalyst so that further reduction of the aldehyde to form 

a primary alcohol does not occur. An alternative procedure is based on hydride chemistry. The 

complex hydride reagent lithium tri-tert-butoxyaluminum hydride accomplishes the same type 

of overall conversion. An example is shown in Equation 19.16. In general, when used properly, 

this reagent system provides a high-yield preparation of aldehydes. The acid halide required for 

this reaction may be prepared by treatment of the corresponding carboxylic acid with thionyl 

chloride or some other inorganic acid chloride (see Chapter 21). The reducing agent, lithium 

tri-tert-butoxyaluminum hydride, is a reduced reactivity form of the parent hydride reagent, 

lithium aluminum hydride (ПАН). Lithium aluminum hydride itself, which we will discuss in 

more detail later in this chapter, is too powerful a reducing agent for the preparation of aldehydes 

from acid halides. It causes a further reduction of the aldehyde to a primary alcohol, as shown 

in Equation 19.17. Further, the reduced reactivity reagent, LiAIH[OC(CH3)3]3, must be used in 

only an equivalent amount (no excess) with the acid halide. Additional reagent will ultimately 
cause reduction to the alcohol, albeit slowly. 


ри, злносксназв. CHO 
„ДХ ад. ЕТЕЩ work-up ON 
Nm chloride p-nitrobenzaldehyde 
85% yield (Eq. 19.16) 
COCI ПАША, ether CH,0H 
(J aq. acid work-up 


benzoyl chloride benzyl alcohol 
95% yield (Eq. 19.17) 
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In order to prepare ketones from acid halides we use either a lithium dialkyl cuprate reagent 
(R2CuLi, Chapter 11) or a dialkyl cadmium reagent (R2Cd). Representative examples of the use 
of these reagents are shown in Equations 19.18 and 19.19. We prepare dialkyl cadmium reagents 
by the addition of anhydrous cadmium chloride to a solution of a Grignard reagent, as is illus- 
trated in Figure 19.16. 


| 
Ph;CuLi, ether С. 
CH;COCL  ———— — —— > CH3 
aq. acid work-up 
acetyl chloride acetophenone 
55% yield (Eq. 19.18) 
O 
| | 
^c Бош ви оаа А ether Усн,снз 
ад. то work-up 
benzoyl chloride propiophenone 


Both lithium dialkyl cuprates and dialkyl cadmium reagents are organometallics that serve 
as a source of a carbanion. In effect, the carbanion performs a nucleophilic attack on the acyl 
halide and displaces halide 10n. You might wonder why we do not use a Grignard reagent or an 
alkyllithium reagent to bring about this type of conversion, since both of these can also serve as 
a carbanion source. The reason is that both are too powerful reagents for the desired conversion. 
Each does convert an acid chloride to a ketone, but it further reacts with the ketone to form a 
tertiary alcohol. Even if we use only a limited amount of the reagent, we get a mixture of 
products that is difficult to separate into its components. (At this point you should review the 
section in Chapter 11 where we discussed the reaction of ketones with Grignard reagents as an 
effective method for the preparation of tertiary alcohols.) 


2RMgX + CdCl, ----- R,Cd + 2MgXCI 


dialkyl cadmium 
reagent 


Figure 19.16 Preparation of the dialkyl cadmium reagent. Solid, anhydrous cadmium 
chloride is added to an ether solution of the Grignard reagent to form the 
dialkyl cadmium reagent. The dialkyl cadmium reagent, once formed, reacts in 
situ with other reagents (e.g., an acid chloride) that we add to it. 
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19.7 NUCLEOPHILIC ADDITION REACTIONS: 
INTRODUCTION 


Aldehydes and ketones react with a wide range of nucleophiles. In general terms we 
understand this type of reactivity to be related to the electrophilic nature of the carbonyl 
carbon atom (see Section 19.3). Nucleophiles, being electron-rich, tend to attack the electron- 
deficient carbon of the carbonyl group, as illustrated in Figure 19.17. The addition process 
leads to a tetrahedral alkoxide ion. Notice that when the nucleophile attacks the carbonyl 


Co О" 
CR X 2 Мис 555 s Nuc 


Figure 19.17 Nucleophilic attack on the carbonyl group. Attack of an anionic nucleophile 
on a carbonyl group generates a tetrahedral carbon with the charge of the 
attached oxygen. 


Nucleophilic Addition at a Carbonyl Center 


Overall reaction: 


n OH 


C ы— H—C—C=C—H 
H^ ~~(CH3)4CH3 = HjO 


CH,CH,CH,CH,CH, 


Step 1 The acetylide anion adds to the carbonyl carbon atom. This is the nucleophilic addition 
step. 
V 
| а? 


C 
H^ 4 (CHj4CH; | СИ 
_ E H —< —C=C—H 
H—C=C: 
CH,CH,CH,CH,CH; 
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Step 2 In the workup of the reaction, the alkoxide ion formed in Step 1 abstracts a proton from 
a water molecule to generate the alcohol product. 


о” {о OH 
| | 
H—C—CEC—H --» Н-С-С-С-Н + HO- 
| | 
СН; CH; СН; CH; CH; CH; CH; CH; CH; CH; 


carbon, no group is displaced, in contrast to the reaction of nucleophiles with haloalkanes. 
Thus, we refer to the attack of a nucleophile on a carbonyl compound as nucleophilic addi- 
tion, not substitution. 

Typcially, we find that the alkoxide ion so produced becomes protonated, either directly 
under the reaction conditions or during a subsequent workup of the reaction. The result is 
formation of an alcohol. We will illustrate the mechanism of this reaction using the reaction 
of an acetylide ion (as the nucleophile) with the aldehyde (followed by hydrolysis) as our 
example. 

Some nucleophiles react very slowly with aldehydes and ketones, but we can often speed 
their reaction by the addition of an acid catalyst. The acid protonates the carbonyl oxygen, 
thereby increasing the susceptibility of the carbonyl carbon to nucleophilic attack, as is illus- 
trated in Figure 19.18. Attack of a nucleophile on a protonated aldehyde or ketone leads directly 


the cation is more prone to 
attack by a nucleophile than 
is the uncharged parent 
carbonyl compound 


Figure 19.18 Acid catalysis of nucleophilic addition reactions at carbonyl groups. 
Protonation of the carbonyl oxygen enhances the reactivity of the carbonyl 
carbon toward nucleophiles. Aprotic Lewis acids, such as BF3, serve the same 
purpose as do protic acids. 
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Special Topic 


Baldwin's Rules 


In 1976 Jack Baldwin, then at M.I.T., proposed a concise set of rules for predicting the facility with 
which particular types of cyclization processes would occur. While we are not currently concerned with 
the variety of cyclization processes considered, it is important to note that a major factor in developing 
such rules is the nature of the molecular orbitals interacting to produce the bonds of ring generation. 

We have previously (Figure 19.10) considered the nature of the л molecular orbitals (л and л“) 
for the carbonyl group. Attack of a nucleophile on a carbonyl group will proceed by electron-pair 
donation to the empty orbital of the m-system, that is to л“, and it will do so at the region of the л“ 
orbital most able to receive those electrons, specifically at the large lobe on the carbonyl carbon atom. 
Further, the direction of approach will be such as to maximize bond-forming interactions of the 
incoming full orbital of the nucleophile and the carbon-based lobe of the empty л* orbital, while 
minimizing any possible electron-electron repulsive interactions of the incoming full orbital of the 
nucleophile and any other full orbital of the electrophile, including the full п orbital. 

Given these conditions, approach of the nucleophile toward, and its interaction with, the 
electrophile (carbonyl carbon site) will incorporate particular directional characteristics. Specifically, 
we expect the incoming nucleophile to approach in a plane perpendicular to that occupied by the 
carbonyl carbon and its attached atoms, and to approach either directly above (below) or slightly 
behind the carbonyl carbon (away from the oxygen. That is, approach occurs within the conical 
regions indicated in the diagram below. 


Hn, 
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We can clearly see how this “most favorable" mode of approach would have consequences for 
ease of ring formation. It also has consequences for other aspects of nucleophilic addition to carbonyl 
groups, as we shall see. 


to a compound containing a hydroxyl group, as shown in Figure 19.19. This compound may be 
the observed product of the reaction; however, we may also find that the hydroxyl group is 
subsequently protonated and lost as water. We will meet several examples of this type of reaction 
in the following sections. 

Steric factors influence the reactivity of aldehydes and ketones toward nucleophiles. Aldehydes 
are usually more reactive than ketones because the aldehyde presents less steric hindrance to the 
incoming nucleophile. More precisely, there is less crowding in the aldehyde activated complex for 
nucleophilic addition than there is in the ketone activated complex. (There is a relatively small 
hydrogen atom in the activated complex of the aldehyde. When a ketone reacts, a larger alkyl or 
aryl group is in place of the hydrogen atom, and occupies more space.) The geometry is shown in 
Figure 19.20. 


Nuc: 


Figure 19.19 Attack of a neutral nucleophile on a protonated carbonyl compound. Тһе 
reaction leads directly to a product containing a hydroxyl group. 


Nuc : 


trigonal planar activated complex: tetrahedral product 
reactant structure between that 
of trigonal planar carbonyl 
compound and tetrahedral 
product 


FicuRE 19.20 Activated complex for addition of a nucleophile to a carbonyl carbon. The 
reaction passes through an activated complex whose geometry is intermediate 
between that of the trigonal planar carbonyl compound and that of the 
tetrahedral adduct. 
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19.8 NUCLEOPHILIC ATTACK BY OXYGEN 


ШАТЕВ Chemical Biography 
We can consider the mechanism of the reaction of 

water with a carbonyl compound leading to the TEN 

formation of a geminal diol. The position of the р: 1925 

equilibrium for the overall reaction varies greatly. d. - 

Some examples for different carbonyl com- Ph.D. Imperial College, London 
pounds are given in Table 19.3. In most instances (Barton) 1964 


we find that the position of equilibrium strongly British Knighthood 1997 
favors the carbonyl compound; that is, there is 
very little gem-diol present at equilibrium. In 
fact, we can rarely isolate gem-diols as such. However, there are important exceptions, as sug- 
gested by Table 19.3. 

We can rationalize the general trends in the values of the equilibrium constants in Table 19.3 
by analyzing electronic and steric effects within the carbonyl compounds. In general, factors that 
stabilize the parent carbonyl compound tend to make К smaller, while factors that destabilize 
it make K,, larger. Compare the Keq values for the hydration of formaldehyde and acetone. They 
vary by an enormous amount, by a factor of ~ 108. Why? One controlling reason is the stability 
provided to the carbonyl group by the electron-donating methyl groups of acetone. Recall that 
the carbonyl group is polar, with the carbon atom being at the positive end of the dipole. Thus, 
this is a carbon atom that has some carbocation character. Recall that a carbocation center is 
stabilized by alkyl substitution about that center—alkyl groups donate electron density to an 
electron deficient center. Thus, acetone is stabilized by its surrounding alkyl groups. 
Formaldehyde has no alkyl groups to stabilize its electron-deficient center, so it adds the ele- 
ments of water readily when placed in aqueous medium. In support of this general argument is 
the huge Кеа for the hydration of hexafluoroacetone. The trifluoromethyl groups are strongly 
electron withdrawing. They generally destabilize the carbonyl group by pulling electron density 
away from an already electron-deficient center. In water, hexafluoroacetone is almost completely 
converted to its hydrate in which there are no such destabilizing effects. 


ТавіЕ 19.3 Hydration of Aldehydes and Ketones. 


Compound Hydrate Ка“ [hydrate]/[carbonyl compound |: 
H,C=O H,C(OH), 40 999:1 
CH;CHO CH3;CH(OH); 0.01 IRES 
(СНз)>С=О (CH3)sC(OH) 0.0001 1:105 
(СЕ;):С-О (CF3)2)C(OH) 20,000 106:1 


* For the reaction 


\ ОН 
= о =” = 


+ For a solution in which the total concentration of hydrate and carbonyl forms is 1 M. 
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Reaction of an Aldehyde or Ketone with Water 


Overall reaction: 


N „OH 
C=0 + H50 ------ ще 
/ ОН 


a hydrate or 
geminal diol 


Step 1 Water performs a nucleophilic addition at the carbonyl carbon atom. 


х m 
С=о 0" 
Ж 40 
+ 
у 
Н Н 


Step 3 The anionic site accepts а proton from the solution to give the product. 


ҮТТЕ t ----->- ла ОН 
+ H,0 << 


+ H,O 
OH, OH 


Steric effects as well are important here. In general, groups are crowded together more 
closely in the tetrahedral gem-diol structure than they are in the trigonal aldehyde or ketone 
structure. The smaller the groups attached to the carbonyl carbon, the more easily it can tolerate 
the crowding of the hydrated form. Thus, the smaller the groups attached to the carbonyl carbon, 
the greater the amount of gem-diol we expect at equilibrium. 


ALCOHOLS 


If we mix an aldehyde or a ketone with an alcohol, an equilibrium is established in which 
a hemiacetal or a hemiketal is present. In Figure 19.21 we see examples of these types of 
equilibria. There are obvious similarities to the hydration of carbonyl compounds as was 
discussed in the previous section. 
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The formation of hydrates, hemiacetals, and hemiketals has little synthetic significance, 
since these compounds are usually quite reactive and revert to the parent compound when we 
try to isolate them. Very few of them can be isolated in the pure state, although there are 


нс 


— p^ QS \OCH, 


CH4CHO + СНҘОН я e 
/ "OH 
H 


a hemiacetal 
(an aldehyde derivative) 


НЗС 
------ ,\OCH, 
(CH3),C =O + CH,0H C: 
3 3 <x / SoH 
НЗС 
a hemiketal 


(a ketone derivative) 


Ғісиве 19.21 Hemiacetal and hemiketal formation. Hemiacetals and hemiketals аге 
formed by the addition of an alcohol to an aldehyde or a ketone. There is a 
dynamic equilibrium between the adduct and the free carbonyl compound. 
The attainment of equilibrium is facilitated by the addition of acid. It is 
becoming common practice to use the term hemiacetal to refer to both 
hemiacetals and hemiketals. 


Formation of an Acetal 


Overall reaction: 


an acetal 
Step 1 Protonation of the carbonyl oxygen occurs. 


H* N 
|“ бон 
С--О Ра Е 


2 
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Step 2 Nucleophilic attack by the alcohol of the protonated carbonyl compound occurs. 


H 

\ + 

EN „а ОВ 
C—OH + ВОН т 

+ — OH 


Steps 3 and 4 Proton transfer through solution occurs to form a hemiacetal. 


H 
X + 
лим ОК +В — aut ОК вн 
ОН ОН 
(a hemiacetal ог hemiketal) 
aud OR + 
= +HB == a OR Да 


OH 
NEM A OH, 
+ 
Step 5 Water is lost to solution. 


AMOR — > anan ОК + н.о 
ч ——— 
OH, + 
+ 


Step 6 Nucleophilic attack by the alcohol occurs on the carbocation. 


SOM ОВ \ ОВ 
+ КОН = > T aM 
t OR 
“j 
H 


Step 7 Deprotonation occurs to give the free acetal. 


ҮШ OR 


734 ORGANIC CHEMISTRY 


significant exceptions. Later we will see that hemiacetals and hemiketals are of significance for 
many biologically important systems, both as isolable species and in solution (see Chapter 24). 

Full acetals and ketals are of more widespread interest and utility for general organic 
synthetic purposes. These compounds can usually be isolated in a pure state. We usually form 
these compounds by allowing the aldehyde or ketone to react with an excess of alcohol in the 
presence of an anhydrous acid such as p-toluenesulfonic acid or anhydrous hydrogen chloride 
(from gaseous form). Equation 19.20 provides an example of acetal formation. 


СНзСНО + 2CH3CH,0H — > CH3CH(OCH;CH3); + H,0 


ethanal ethanol acetaldehyde diethyl acetal 
60% yield 

(Eq. 19.20) 
All of the mechanistic steps are true equilibria. Thus, the net reaction, the conversion of an 
aldehyde or a ketone to an acetal or a ketal, is an equilibrium process, the entire sequence of 
reactions being completely reversible. In order to drive the reaction toward the acetal or ketal it 
is often necessary to perform the reaction in an excess of alcohol and/or remove the water as it 

is formed. A Dean-Stark water separator can be used for the latter purpose. 
It is usually more efficient to use one equivalent of a 1,2-diol such as 1,2-ethanediol 
(ethylene glycol, see Polyols) than two equivalents of an ordinary alcohol to accomplish ketal 

formation. An example of this type of reaction is shown in Equation 19.21. 


cyclohexanone ethylene glycol cyclohexanone 
ethylene ketal 


8096 yield (Eq. 19.21) 


The use of a 1,2-diol favors acetal or ketal formation through an entropy effect that we can 
appreciate by comparing the reactions shown in Equation 19.20 with that in Equation 19.21. The 
first of these reactions involves the conversion of three reactant molecules to two product 
molecules, whereas the second involves two reactant molecules and two product molecules. 
Reactants of the first type, that produce fewer product molecules than they consume reactant 
molecules, proceed with an increase in the degree of order, that is, they proceed with a decrease 
in entropy (AS? « 0). By contrast, reactions of the second type have an entropy change that is 
close to zero. Since a negative entropy of reaction is thermodynamically disfavorable (AG? for 
the reaction is less negative), reactions of the type shown in Equation 19.21 are thermodynami- 
cally more favorable, having an equilibrium constant more favorable for product formation. 


Acetals and Ketals as Protecting Groups 


Full acetals and ketals (in contrast with hemiacetals and hemiketals) are generally stable to neutral 
or basic reaction conditions. However, they revert to the parent carbonyl compound and alcohol 
(or diol) if we treat them briefly with aqueous acid. We can exploit these properties of acetals 
and ketals as a means of temporarily protecting the carbonyl group in a synthetic sequence. 
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In Figure 19.22 we pose a synthetic problem in which carbonyl protection is required. We 
recognize, in general terms, that in order to accomplish the desired conversion an oxidative cleav- 
age of the carbon-carbon double bond is required. Hot, aqueous permanganate solution seems to 
be a reasonable reagent to accomplish this end. However, the aldehyde functional group is also 
reactive toward this reagent, and the aldehyde would be oxidized to a carboxylic acid group as 
well, as is illustrated in Figure 19.23. 

We can avoid this difficulty by protecting the aldehyde group prior to the use of the 
permanganate. After the permanganate oxidation we deprotect the carbonyl group by adding 
aqueous acid. The aqueous acid cleaves the acetal linkage and regenerates the carbonyl group. 
The added acid also converts the carboxylate anion to the free carboxylic acid functionality. The 
complete sequence of operations is shown in Figure 19.24. 


9 
(СНА С =CHCH,CH,CH,CHO = HO,CCH,CH,CH,CHO 


Figure 19.22 A synthetic conversion requiring protection of the aldehyde group. 


1. KMnO,, KOH 


heat 
(СНС = CHCH,CH,CH,CHO м— HO,CCH,CH,CH,CO,H 
2. aq. acid workup 


Figure 19.23 Formation of a diacid from an unsaturated aldehyde. If the synthesis of 
the target molecule of Figure 19.22 is attempted using the method shown 
here, the aldehyde group would be oxidized as well as the carbon-carbon 


double bond. 
HOCH;CH;OH 
(СН;);С--СНСН;СН;СНСНО —=—————————_> М. б 
H5S0O, 
B > 
КМпО,, КОН 
heat 
c ó R 


aq. acid workup 


О 
K*O,C “тӯ —— ———————— HO0,CCH,CH,CH,CHO 


O 


Figure 19.24 Accomplishment of the synthesis proposed in Figure 19.22. First, the 
aldehyde group is protected by formation of the ethylene glycol acetal. 
Then, the double bond is cleaved using permanganate under aqueous basic 
conditions. Finally, the aldehyde group is regenerated (along with the free 
carboxylic acid) using aqueous acid. 
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19.9 NUCLEOPHILIC ATTACK BY NITROGEN 


PRIMARY AMINES Chemical Biography 


Primary amines have the general structure R-NH; 
wherein R is an alkyl or aryl group. (We will 


Носо SCHIFF 


discuss the chemistry of amines in detail in the b. 1834 

following chapter) Primary amines generally @ IS 

react with aldehydes and ketones to produce Ph.D. University of Göttingen 
substances known as imines or Schiff bases. (Wohler) 1857 


(Imines are also known as Schiff bases after the 
German chemist Hugo Schiff who prepared and 
identified them in the nineteenth century.) Traces of acid catalyze the reaction by protonating the 
carbonyl oxygen, thereby making the carbonyl carbon more susceptible to nucleophilic attack. 
The reaction occurs most readily with aldehydes—imine formation often occurs with mixing or 
only slight warming. An example of imine formation is shown in Equation 19.22. With ketones, 
the reaction is somewhat more sluggish, but occurs readily when a Lewis acid such as zinc 
chloride is used. An example is shown in Equation 19.23. 


CHO NH, 


N 
с? + НО 


benzaldehyde aniline 


N-phenylbenzaldimine 
^ CH5CH;CH3 
жек. ы жы MAS === C + НО 
H3C CH diis 
3 3 Н.С СН; 
acetone propylamine N-propylacetoneimine 
85% yield 


(Eq. 19.23) 


At times it is useful to use a Dean-Stark trap to remove the water by-product continuously 
as it is formed. In the reaction mechanism you should notice the formation of an intermediate in 
which a hydroxyl group and the RNH group are both attached to the same carbon atom. Such 
an intermediate is at times referred to as a carbinolamine. Such substances are unstable with 
regard to the loss of water. Here the loss of water leads to the formation of an imine. The amine 
used in this reaction can also play the role of the base :B, which appears in several of the steps. 
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Imine Formation from an Aldehyde 


Overall reaction: 
czo “КАН -----> C—NR + НО 


ап imine 


Step 1 Protonation of the carbonyl oxygen occurs. 


H* 
Г |: 
= F C — OH 


C—O T 


Step 2 Nucleophilic attack by the amine of the protonated carbonyl compound occurs. 


H 
\ + 


"E ‘NHR 
C—OH +RNH, Um : 
+ ОН 
Steps 3 and 4 Proton transfer through solution occurs. 
H 
М 
А HR . — \ 
ut “М +:В < ам “NHR + BH* 
OH OH 
и“ NHR + 
= +B =” е МНЕ 


OH 
ONE 2 OH 


Step 5 Water is lost to solution. 


д АНК ———> vt NHR + H,O 
OH, * 
+ 
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Step 6 Deprotonation occurs to give the free imine. 


OH NHR НВ? 
n + :B —_ NR + 


Ammonia (NH3) reacts with aldehydes and ketones in a manner similar to that of primary 
amines. However, the imines formed are often too reactive to be of general use. In fact, the reac- 
tion of ammonia with an aldehyde or ketone often leads to products that are structurally more 
complex than simple imines because the initially formed imine (or its carbinolamine precursor) 
undergoes further reaction. Even if we manage to isolate an imine produced by the reaction of 
a carbonyl compound with ammonia, it is invariably quite sensitive to water and tends to 
hydrolyze rapidly to form the parent aldehyde or ketone. 


HYDRAZINE AND RELATED COMPOUNDS 


Hydrazine has the structure H2N-NH». In substituted hydrazines, one or more of the hydrogen 
atoms have been replaced by alkyl or aryl groups. Hydrazines with at least one -NH» group pres- 
ent react with aldehydes and ketones to form substances known as hydrazones, which contain 
the structural unit С=М-МН.. These reactions are completely analogous to those discussed in the 
previous section involving nucleophilic addition and dehydration steps. 

Hydrazones are much more stable toward hydrolysis than are simple imines. The hydrolysis 
reaction begins with protonation of the nitrogen atom of the carbon-nitrogen double bond, a 
process that is much less favorable for a hydrazone than for a simple imine. One explanation for 
this difference is that the -NH» group present in a hydrazone exerts ап electron-withdrawing 
inductive effect that lowers the basicity of the adjacent nitrogen atom. Alternatively, it can be 
argued that protonation of a hydrazone is relatively unfavorable because the conjugate acid so 
formed is destabilized by the electron-withdrawing effect of this -NH, group. Both explanations 
are illustrated in Figure 19.25. 


H 
г ; / 
Ht + C—N С--К + 
NR NH 


A / 
H H 


basicity diminished by positive charge 

the electron-withdrawing destabilized by the 

—NH» group electron-withdrawing 
—NH» group 


FigurE 19.25 Diminished basicity of hydrazones. Hydrazones are less basic than other 
types of imines owing to the presence of the -МН; group. 
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Hydrazones and substituted hydrazones have a useful role in the identification of aldehydes 
and ketones. In this type of analysis an unknown carbonyl compound (often a liquid) is 
converted to its hydrazone derivative, which is purified by recrystallization. Its melting tem- 
perature is then compared with that of hydrazones of known structure. Two substituted 
hydrazines, 2,4-dinitrophenylhydrazine (19.2) and semicarbazide (19.3) are often used for this 
purpose as they lead to highly crystalline solid derivatives, much easier to handle than are 
liquid materials. 


SECONDARY AMINES 


In addition to a nitrogen alkylation procedure performed under reducing conditions (to be 
discussed in the following chapter), secondary amines react with aldehydes and ketones to 
yield substances known as enamines. A typical reaction is shown in Equation 19.24. 


CH3 
CHj,CHCHO + C,H,NHCH, - 2204 , N 
+ N 
(CH3)2 615 3 d СН; 
methylpropanal N-methylaniline N,2-dimethyl-N-phenyl-1-aminopropane 
9096 yield 


(Eq. 19.24) 


The mechanism for the formation of an enamine should be compared with that earlier 
considered for imine formation. The mechanisms closely parallel each other up to the point of 
final loss of a proton to give the uncharged product. The positively charged species generated in 
the penultimate step of enamine formation (an iminium ion) has no hydrogen attached to 
nitrogen so an imine can not be formed. Rather, in the final step a hydrogen is removed (as a 
proton) from an adjacent carbon to give the enamine product. 

Of course, primary amines could, in principle, form enamines (as do secondary amines), just as 
they could also lose a proton from the adjacent carbon site. However, with a primary amine the 
imine is the favored product. The imine dominates the equilibrium mixture because it is thermody- 
namically more stable, as illustrated in Figure 19.26. Secondary amines can not form imines since 
their nitrogen atom does not have attached the required two hydrogens that must be lost in the course 
of the reaction. The only possible product the secondary amine can form is the enamine. 


— 
RCH,CH=N—-R ~ RCH-—CH-—NHR 


imine enamine 


Figure 19.26 Equilibrium of imine and enamine from a primary amine and an aldehyde. 
The imine is the thermodynamically more stable of the possible structures. 
The sum of the imine bond strengths is greater than that for the isomeric 
enamine. At equilibrium, the imine is the dominant species. 
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Formation of an Enamine from an Aldehyde 
and a Secondary Amine 


Overall reaction: 


` N 
C—O +R,NH ——~> ,C— NR, 


7 


an enamine 


+ H,O 


Step 1 Protonation of the carbonyl oxygen occurs. 


H* 
М 
№ с == C— OH 
С--О и + 


"d 


Step 2 Nucleophilic attack by the amine of the protonated carbonyl compound occurs. 


+ 
= ann NHR, 
C—OH +R,NH --г 
y + OH 
Steps 3 and 4 Proton transfer through solution occurs. 
+ 
aut МНК E -----> ал NR 
jM 2 + :B P у 2 + BHH 
OH OH 
Jit) NR + 
2 + НВ =. M NR, 
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Step 5 Water is lost to solution. 


гай МВ ---і- au МЕ +H,0 
OH, + 
+ 


Step 6 Deprotonation occurs to give the free enamine. 


ШЫ aie 
“В > NR; + 


+ ' === 


19.10 NUCLCOPHILIC ATTACK BY CARBON 


ORGANOMETALLICS 


Many carbon nucleophiles attack the carbonyl carbon of aldehydes and ketones. Among the most 
important examples of this type of reagent are the organometallic reagents, such as the Grignard 
and alkyllithium reagents. The reactions of these organometallics conform to the general scheme 
shown in Figure 19.27. This type of reaction provides a most useful synthetic approach to alco- 
hols and hence to compounds derived from alcohols (as discussed previously). 


ADDITION OF CYANIDE 


If we add aqueous mineral acid to a mixture of a carbonyl compound and sodium cyanide, a 
compound known as a cyanohydrin forms. An example of this type of reaction is shown in 
Equation 19.25. 


H30* 


R — C —OH + но 


FicuRE 19.27 Reaction of а carbanionic organometallic reagent with a carbonyl 
compound. Тһе organometallic acts as a source of a carbanion, Кг. 
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Н,804 
— № 
H,C=O + NaCN TET HOCH;CN 
formaldehyde formaldehyde cyanohydrin 


8096 yield (Eq. 19.25) 


The same overall result is achieved by adding hydrogen cyanide directly to a carbonyl 
compound. The addition of base facilitates the reaction as it generates nucleophilic cyanide ion 
from the weakly acidic hydrogen cyanide. Cyanohydrins are quite useful materials for synthetic 
purposes. The cyano group undergoes facile hydrolysis to form a carboxyl group (-CO;H) or 
reduction to give the aminomethyl group (-CH2NH;). We will return to consider these reactions 
in the context of amines and carboxylic acids in the two following chapters, and yet again when 
we delve into carbohydrate chemistry. 


Special Topic 


Cyanohydrins in Biological Systems 


The addition of hydrogen cyanide to aldehydes and ketones is a reversible reaction whose equilibrium 
constant depends on the structure of the carbonyl compound. 


"i Е ‚Он 
^n, 
5 =O 4 НСМ a „вс 
R' N 
R' CN 
[cyanohydrin] 
ES 


[carbonyl compound] [HCN] 


The value of the equilibrium constant varies considerably, but it is generally quite large (^ 100) 
for most aldehydes). It is rather small (« 0.02) for many open-chain ketones but large for cyclic 
ketones (cyclohexanone, 500; cycloheptanone, 10,000; cyclóctanone, 100). 

Addition of alkali to a cyanohydrin displaces the position of equilibrium toward the carbonyl 
compound. Numerous enzymes also cause reversal of the reaction. This reversal is of considerable interest 
in biological systems. Several plants, including some forage plants, synthesize cyanohydrins. After the 
plants are eaten, the cyanohydrin reverts to the carbonyl compound and generates the highly toxic hydro- 
gen cyanide. Death of grazing animals due to cyanide poisoning can be a serious problem for farmers. 

The pits of cherries and other Prunus species (including plums, apricots, and peaches, as well as 
bitter almonds) contain considerable quantities of cyanohydrins and should not be eaten in quantity. 
Some people describe the odor of hydrogen cyanide as being that of bitter almonds. In fact, when we 
crush the kernels of bitter almonds, we obtain an oil that contains up to 4% hydrogen cyanide. The 
source of this hydrogen cyanide is a cyanohydrin precursor. 

Cyanohydrins also play a role in the lives of insects. The millipede (Apheloria corrigate) possesses 
an enzyme that causes rapid dissociation of cyanohydrin stored in its defense glands into a mixture of 
benzaldehyde and hydrogen cyanide. When a millipede is attacked, it squirts this noxious mixture onto 
its potential predator in order to defend itself—a rather sophisticated form of chemical warfare. 
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VLIDES 
The UJittig Reaction 


We now come to a special and most useful reaction, the Wittig reaction, which involves the 
addition of a carbon nucleophile to the carbonyl group. As the oxygen of the carbonyl group is 
overall replaced by a carbon function and an alkene is generated, this type of process is often 
referred to as an olefination reaction. 

The Wittig reaction converts aldehydes and ketones to alkenes. It relies on the use of a type 
of species as an intermediate that is known as a phosphorus ylide (pronounced ill-id). Ylides, in 
general, are neutral substances for which a Lewis structure can be written with a negatively 
charged carbon atom and some immediately adjacent positively charged heteroatom, both with 
complete octets of valence electrons. The type of ylide generally (but not always) used in the 
Wittig reaction is a triphenylphosphonium ylide, as shown in Figure 19.28. One resonance struc- 
ture of the phosphonium ylide has a formal negative charge on carbon. Because of their 
significant charge separation, ylides behave as carbanions, that is, as carbon nucleophiles. We 
will consider several aspects of the Wittig reaction. 


Bonding in the Ylide 


We might find it strange to write the structure of an ylide as involving positively and negatively 
charged sites on adjacent atoms. Why not just write a double bond between those atoms? 


A A R 
2 1 N 
C—PPh, > — :C—PPh, + и =0 
B B R' 
triphenylphosphonium ylide aldehyde or 
ketone 
R 


C=C + Ph;P—O- 


alkene product 
(geometric isomers 
are possible) 


Figure 19.28 Reaction of a triphenylphosphonium ylide with a carbonyl compound. The 
product derived from the aldehyde or ketone is an alkene. The oxygen of the 
carbonyl compound has been replaced by the carbon function from the ylide. 
The by-product of the reaction is triphenylphosphine oxide. An ylide 
resonance form in which there is no charge separation is also shown. 
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The answer lies in the nature of the atoms involved. One, the carbon, resides in the second 
periodic row, while the other, the phosphorus, is in the third periodic row. The available valence 
level orbitals (filled on carbon, empty on phosphorus) are from different principal quantum 
levels and do not interact with high efficiency. While there is some interaction and thereby some 
classical л bond character between these atoms, it is not the same as a л bond between two 
carbons (alkene) or a carbon and an oxygen (carbonyl). There remains significant negative 
charge character on carbon and positive charge character on phosphorus that provides the special 
chemical character to the ylide. 


Preparation of the Ylide 


Phosphonium ylides are prepared by a two-step procedure. First, triphenylphosphine is allowed 
to react with a suitable haloalkane. The reaction, which proceeds via Ше Sy2 mechanism, pro- 
duces a phosphonium salt, as shown in Figure 19.29. Triphenylphosphine is able to function as 
a potent nucleophile, but only as a weak base. Thus, we may use methyl, primary, and secondary 
haloalkanes without being concerned that large amounts of the competing elimination will 
occur. Tertiary haloalkanes are not useful in this procedure since the carbon carrying the halide 
substituent needs at least one hydrogen attached to it for the subsequent ylide formation. 

After we have prepared the phosphonium salt, we treat it with a strong base to remove a 
hydrogen ion from the carbon attached to phosphorus. Organolithium reagents are commonly 
used for this procedure, as shown in Figure 19.30. 


Mechanism of the Wittig Reaction 


An example of the Wittig reaction is shown in Equation 19.26. The mechanism for this reaction 
involves several steps. The ylide performs a nucleophilic attack on the carbonyl carbon using its 


A 
+ 
C—X —— Ph;P—C—H-4X- 
H B 
a triphenylphosphonium salt 
Figure 19.29 Formation of a triphenylphosphonium salt. 
х- 
А А 
+ x + _ 
Ph3P —C ЫЕ ме — = Ph,P—C: 


В В 


+ 


CH,CH,CH,CH; 


FigurE 19.30 Formation of a phosphorus ylide for the Wittig reaction. 
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electron-rich carbon site. The substance generated in this process has a positive charge on 
phosphorus and negative charge on oxygen and is known as a betaine. The betaine closes to an 
oxyphosphorane (five bonds to phosphorus, at least one of them involving oxygen) and then 
fragments to give the product. 


O CH, 
Ph3P—=CH) + — + Ph;P—O 


triphenylmethylenephosphorane с oxide 
methylenecyclohexane 


cyclohexanone 86% yield 
(Eq. 19.26) 


The Wittig Reaction 


Step 1 The electron-rich carbon of the ylide attaches to the carbonyl carbon atom to form a 


betaine. 
+ = 
+. 
Ph3P = СН, -------- 
а betaine 
Step 2 Тһе betaine closes to an oxyphosphorane. 

PPh 

+ X 3 

Ph; PCH, о о 


Step 3 The oxyphosphorane decomposes to yield the product. 
PPh 
X 3 


CH 
О 2 


————= + Ph;P—O 
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19.11 NUCLEOPHILIC ATTACK BY SULFUR 


BISULFITE ION 


Nucleophilic attack at the carbonyl carbon 
occurs with certain carbonyl compounds when GEORG WITTIG 
they are shaken with a concentrated solution of 
sodium bisulfite, NaHSO3. Reaction is limited, 
however, to aldehydes and to sterically unhin- 
dered ketones (generally methyl ketones and 
cyclic ketones). We refer to the product of these 
reactions as bisulfite addition compounds or 
bisulfite adducts. These adducts are water-solu- 
ble salts that are insoluble in common organic 
solvents. The general nature of the reaction is shown in Figure 19.31. 

Bisulfite adducts, with the exception of that formed from formaldehyde, revert readily to the 
starting carbonyl compound upon the addition of strong aqueous acid or base. This characteristic 
provides a useful method for the purification of aldehydes and ketones. The carbonyl compound 
is first converted to the bisulfite adduct, which is water soluble. Insoluble organic contaminants 
are removed. The aqueous solution is then treated with acid or base to regenerate the carbonyl 
compound, which is generally (but not always) insoluble in water. 


Chemical Biography 


b. 1897 
d. 1987 


Ph.D. University of Marburg 
(Meerwein) 1923 


Nobel Prize (Chemistry) 1979 


THIOLS 


A thiol is another type of sulfur nucleophile that reacts with aldehydes and ketones. Thiols are 
compounds of the general formula RSH, and thus are sulfur analogues of alcohols, ROH. 
Recall that alcohols react with aldehydes and ketones to form acetals and ketals. Thiols 
behave similarly, forming thioacetals and thioketals. A common procedure for the preparation 
of thioacetals and thioketals involves treating the carbonyl compound with a dithiol (such as 
1,2-ethanedithiol or 1,3-propanedithiol). This procedure produces a cyclic thioacetal or thioketal 


+ 
о в “а 


R 
жы | | - 
HO — $: == ---- НО — 5 — С— 0 


И | | 


о H 


a bisulfite 
adduct 


Figure 19.31 Formation of a bisulfite adduct with an aldehyde. 
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with the same favorable entropy factor as we found for the formation of cyclic acetals and ketals. 
An example of this type of reaction is shown in Equation 19.27. This reaction, like the forma- 
tion of acetals and ketals, is acid-catalyzed and is accompanied by the formation of water. In 
contrast to ordinary ketals, thioketals are less sensitive to the action of aqueous acid and thus are 
more easily manipulated in synthetic operations. 


CH3 
CH3 
HSCH,CH,SH 
Ум— S 
BF; ether 
О - 


99% yield (Еа. 19.27) 


Thioacetals and thioketals have several uses. One use lies in the cleavage of sulfur-carbon 
bonds in the presence of Raney nickel. (Raney nickel is a form of finely divided nickel, on the 
surface of which is adsorbed molecular hydrogen. It is prepared by the treatment of a nickel- 
aluminum alloy with aqueous base that dissolves the aluminum, leaving the metallic nickel with 
hydrogen gas adsorbed. It must be used with caution. It is generally stored under ethanol, which 
if allowed to evaporate in air, results in the surface adsorbed hydrogen bursting into flame.) In 
the product from the reaction of the thioacetal/thioketal, carbon-hydrogen bonds replace the 
original carbon-sulfur bonds. An example of this reaction is shown in Equation 19.28. The net 
effect of converting an aldehyde or ketone to a thioacetal/thioketal followed by Raney nickel 
desulfurization is to reduce the original carbonyl group (C=O) to a methylene group (CH3). 


СН; СН; 
Капеу Ni 
$$ 
> CH;CH,OH 


Ка | 
6190 yield (Ед. 19.28) 


Another use of thioacetals results from Ше increased acidity of Ше hydrogen attached to Ше 
original aldehyde carbonyl carbon atom. This increased acidity is particularly pronounced in the 
cyclic thioacetals derived from 1,3-propanedithiol. The appropriate thioacetal of hexanal is 
shown in Figure 19.32 with the acidic hydrogen emphasized. 


"di acidic hydrogen 


CH;CH,CH,CH,CH, NO 
S 


5 


LÀ 


Figure 19.32 Cyclic dithioacetal of hexanal. The hydrogen of enhanced acidity is 
indicated. 
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A strong base, such as an alkyllithium reagent, can remove the acidic hydrogen of such a 
dithiane (cyclic thioacetals such as shown in Figure 19.32 are known as dithianes) to produce a 
nucleophilic carbanion. This new carbanion is then capable of performing nucleophilic substi- 
tution or addition reactions. Notice that conversion of the carbonyl group to a dithioacetal, 
followed by removal of the proton, constitutes an umpolung (see Chapter 11) in that the initially 
electron-deficient carbon atom of the carbonyl bond becomes electron-rich in the carbanion 
formed after proton removal. An example of this umpolung in a synthetic scheme is shown in 
Equation 19.29. This sequence provides a useful method for converting aldehydes into ketones. 


CH4CHCHCH5CH H 
3CH;CH;CH; CH; CH4CH,CH;CH)Li CH;3CH;CH;CH;CH; - 
S S S S 
CH,CH,CH,CH,CH, 
CH3CH;CH;CH;CH5Br 
S S ————————— 


CH3CH,CH,CH,CH, CH,CH,CH,CH,CH; 


S S 
CH3CH,CH,CH,CH, CH,CH,CH,CH,CH3 
aq. acid 
S S —————- 
О 
| 
С 


/ 
снұсн,сн,сн,сн,” “сн,сн;сн,сн;сн; 


6-undecanone 
85% yield 


(Eq. 19.29) 
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19.12 ACIDITY OF c-HYDROGEN ATOMS 


ENOLATE ANIONS 


An extremely important aspect of the chemistry of aldehydes and ketones is the enhanced 
acidity of hydrogens attached to the o-carbon atoms. The structure in Figure 19.33 emphasizes 
the a-carbon atom and the acidic hydrogen attached to it in a carbonyl compound. 

The relatively high acidity of the o-hydrogens of a carbonyl compound correlates with the 
relatively high stability of the conjugate base formed upon removal of the hydrogen ion. The 
conjugate base is stabilized by delocalization of the charge to the carbonyl oxygen as well as to 
the carbon. The contributing resonance structures are shown in Figure 19.34. 

As noted previously, the name enolate anion is commonly given to this type of conjugate 
base. This name reflects the importance of the second resonance structure, which is the conju- 
gate base of an enol. (It is an enol that has lost a proton from its hydroxyl group.) 


a-carbon atom 


| | Wp 


TES 
ч. п-пудгогеп of enhanced acidity 


Figure 19.33 The о-розшоп of a carbonyl compound. Hydrogen atoms attached at the 
a-carbon atom of a carbonyl compound have enhanced acidity compared 
with ordinary aliphatic hydrogen atoms. 


:C— C — C=C 


Figure 19.34 Contributing resonance structures for the anion generated upon removal of 
the a-hydrogen of a carbonyl compound. The delocalization of the 
negative charge stabilizes the ion. 
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A quantitative measure of the acidity of hydrogens at the о-розшоп of a carbonyl compound 
is obtained by looking at the pK; values for acetone and propane, as shown in Table 19.4. 

The pK, of acetone is 31 units smaller than that of propane. Thus, the ratio of the K, values of 
the two compounds is about 10?!:1—they vary by a factor of 16 million times greater than the 
Avogadro number! 

The acidity of acetone is much closer to that of alcohols and water than to that of an alkane. 
Alkoxide ions and hydroxide ions are thus able to generate small but significant quantities of 
enolate anions when added to aldehydes and ketones bearing o-hydrogens, as is illustrated in 
Figure 19.35. 

If the enolate anion enters into further reaction with some added reagent, the equilibrium of 
Figure 19.35 is constantly driven to the right-hand side. With time, more and more of the 
carbonyl compound reacts to generate enolate anion, which then reacts with the added reagent. 

There are many consequences of the enhanced acidity associated with o-hydrogens of 
carbonyl compounds. The main focus of Chapter 23 is the reactions of enolate anions that result 
in the formation of new carbon-carbon bonds. In this chapter we will look at some other prop- 
erties and reactions associated with the acidic o--hydrogens of carbonyl compounds. 


Base-CATALYZED RACEMIZATION OF CHIRAL ALDEHYDES 
AND KETONES HAVING 0-Нупвосем ATOMS 


Suppose we have an optically active aldehyde or ketone in which the source of optical activity 
is a stereogenic Q-carbon atom bearing a hydrogen. When we place such an optically active 
compound in basic solution there is a rapid loss of optical activity. That is, racemization occurs. 
It occurs because the added base sets in motion a series of acid-base reactions involving the 
o.-hydrogen. Suppose we are working with (R)-2-methyl-1-phenyl-1-butanone (19.4). The base 
is able to remove o-hydrogens from some of the molecules of (19.4), thus breaking a bond to 
the stereogenic center. This acid-base reaction is reversible. That is, Ше a-carbon atom of the 
enolate anion can regain a proton. However, there is an equal likelihood of an R or an 8 config- 
uration 2-methyl-1-phenyl-1-butanone being generated in the process. Since deprotonation and 
protonation occur rapidly, a racemic mixture is produced in a short period of time, as is 
illustrated schematically in Figure 19.36. 


О 
\ 


C— СЕН 
H > 6115 
НАС 
СН;СН; 
19.4 


(R)-2-methyl-1-phenyl-1-butanone 


ТАВІЕ 19.4 Comparison of the Acidities of Acetone and Propane. 


Compound pK, 
(CH3),C=O 19 
СН:СН-СН; 50 
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Figure 19.35 Conversion of a carbonyl compound to an enolate anion by hydroxide ion. 
The reaction is an acid-base equilibrium. 


EN o7 
Ра се; C—C— H; 
HO H,; ----->- 
НЗС + H,O 
Н.С 
CH,CH; CH,CH, 
N 
H,, 
= НС“ R 
CH,CH; 
C—C—,Hs m uid 
НЗС + H,O or 
CHCH, м 4 
C — CH; 
НЗС "nu, 
H 5 
CH,CH; 


Ғісиве 19.36 Base-induced racemization of optically active 2-methyl-1-phenyl-1- 
butanone. The base removes a proton from the stereogenic a-carbon atom, forming ап 
achiral enolate anion. When the planar enolate anion regains a proton from water, there 
is equal likelihood that the R or S form will be generated. The result is the formation of a 
racemic mixture. 


SELECTIVE DEUTERATION 


If an aldehyde ог ketone is placed in a solution of NaOD in D20, the o-hydrogens will be 
replaced by deuterium atoms. This deuteration process again involves a series of acid-base 
equilibria. In the presence of a base, the carbonyl compound loses the o-hydrogens, as noted 
previously. The enolate anion thus produced can then regain a proton or (more likely in an 
excess of D5O) pick up a deuteron. In a short period of time the o-deuteration is essentially 
complete. 
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Deuteration in this manner is quite helpful in the determination of organic structures. We can 
observe this exchange of deuterium for hydrogen readily in the ІН NMR spectrum (see Chapter 17). 
Furthermore, each deuterium atom that replaces a hydrogen atom increases the molecular weight of 
the compound by one unit. Thus, by measuring the molecular weight of a compound before and 
after deuteration we can determine very easily the number of o-hydrogen atoms present in the 
original compound. 


SELECTIVE HALOGENATION—THE HALOFORM REACTION 


It is possible to halogenate selectively aldehydes and ketones at the a-position, replacing any 
o.-hydrogen atoms originally present. The reaction is accelerated by bases such as hydroxide ion. 
This reaction, like those of the previous section, involves an enolate anion as an intermediate. 
Here the enolate anion reacts with the halogen to give overall halogen substitution for the 
original о-ћудгогеп. Under basic conditions it is difficult to control the reaction; thus we find 
that all available о-ћудгогеп atoms сап be replaced. 

There is a special instance of the reaction that occurs when methyl ketones react with 
halogens (chlorine, bromine or iodine) under aqueous basic conditions. As might be anticipated, 
halogens replace all three hydrogens of the methyl group. However, the trihalomethyl ketone 
that is formed is still reactive under these conditions. Hydroxide ion acts as a nucleophile and 
displaces the trihalomethyl anion from the carbonyl carbon atom in two steps. 

The mechanism consists of a series of acid-base equilibria and substitution reactions. Each 
successive removal of an a-hydrogen from the carbonyl intermediates proceeds more readily 
than the previous one. The halogen stabilizes the charge on the anion. With each replacement 
by halogen, the remaining o-hydrogen(s) become more acidic. Finally, when there are no more 
a-hydrogens for replacement, the hydroxide adds to the carbonyl carbon atom. The 
trihalomethyl group departs as the anion, being stabilized by the presence of the three halogens. 
The products of the reaction are haloform and the carboxylate anion. Because it produces a 
haloform (НСХз, e.g., CHCl;—chloroform), this process is commonly referred to as the 
haloform reaction. 

This reaction has two applications. First, it serves as a method for the synthesis of carboxylic 
acids from methyl ketones. A typical example of such a synthesis is shown in Equation. 19.30. 


O 


O 
Б: | 1. Вг», NaOH, НО | 
I 
CH3)3C CH => 
(СНуз 3 2. aq. acid (CH3)3C OH 
2,2-dimethyl i i 
3,3-dimethyl-2-butanone | шол _ 


(Ед. 19.30) 


Second, the reaction is used as a diagnostic test for the presence of a methyl ketone. If 
we use iodine as the halogen, the haloform product is iodoform, a yellow solid that is insol- 
uble in the test solution. The formation of the yellow precipitate serves as a positive 
iodoform test. 

There is a limitation to the use of this reaction as a diagnostic tool. Alcohols of the type 
CH3CH(OH)R (where К = Н or an alkyl or aryl group—known as methyl carbinols) also give а 
positive iodoform test because iodone in aqueous base is a sufficiently strong oxidizing agent to 
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Mechanism 


The Haloform Reaction 


Step 1 Deprotonation of the methyl ketone 


O 
| | 
^C. ано go ыы. + НО 
НЗС к H5C 
Step 2 Halogenation of the enolate anion 
Ө О 
|| 
> - 
Bree +X, <—— „С у 
H,C R нс R 
X 
Step 3 Deprotonation of the halogenated ketone 
(0) (0) 
|| || 
„Са +но — 7. + НО 
ы ~ s 
X X 
Step 4 Halogenation of the enolate anion 
(0) 
|| | я 
- 2С +Х сай \ 2С +X 
~ 2 - ATUM 
HC R HC R 
| / 
X X 
Step 5 Deprotonation of the intermediate ketone 
O 
x | || 
\ 7 ~ = —> = nN 
HC в *HO <--- ХС К + во 
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Step 6 Halogenation of the enolate anion 


| x || 
- +X = \ = 
ж 2 XC ET ^R TX 
XC R / 
| X 


Step 7 Nucleophilic displacement of the trihalomethyl anion 


О О 
x | | 
- С 
N = 
хе ^ Св + HO ——- но” ^R + с: 
X 


Step 8 Proton abstraction to generate haloform 
X4C: + HO ----->- X4CH + НО 


Step 9 Anion formation from the carboxylic acid 


convert a primary or secondary alcohol to a carbonyl compound. Accordingly, any alcohol that 
produces a methyl ketone (or ethanal) on oxidation also gives a positive iodoform test. 

We can restrict halogenation of a methyl ketone to the substitution of a single halogen to the 
methyl site by using acidic reaction conditions. This reaction proceeds efficiently and in good 
yield. An example is shown in Equation 19.31. 


O 
| 
CH; Br; 5 
H-B 
acetic acid CHBr 
Br 
Br 


p-bromophenyl bromomethyl ketone 


p-bromoacetophenone 70% 


(Eq. 19.31) 
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19.13 OXIDATION AND REDUCTION 


GENERAL 


Aldehydes are oxidized to carboxylic acids very readily, while ketones are inert to most (but not 
all) oxidizing agents. In contrast, both aldehydes and ketones undergo reduction by the same 
types of reducing agents. Depending on the reducing agent used, we can reduce the carbonyl 
group to either a carbinol or to a methylene group. In this section we will survey the specific 
conditions needed for the reduction of aldehydes and ketones. 


THE OXIDATION OF ALDEHYDES 


Let us first recall the position of aldehydes in the hierarchy of oxidation states, which is shown 
schematically in Figure 19.37. Most oxidizing agents that oxidize primary alcohols to aldehy- 
des also oxidize aldehydes to carboxylic acids. (Recall from Chapter 6 and earlier in this chapter 
that we need to use special reaction conditions and/or reagents to stop the oxidation of a primary 
alcohol at the aldehyde stage.) Most oxidizing agents convert a primary alcohol to a carboxylic 
acid. Two further examples of the oxidation of aldehydes to carboxylic acids are shown in 
Equations 19.32 and 19.33. 


CHO H5SO, COH 


O O 


furfural 2-furoic acid 
75% yield (Eq. 19.32) 


ЕСОН 
carboxylic acid 


RCHO 
increasing aldehyde 
level of 
oxidation RCH,OH 


primary alcohol 


RCH, 
alkane 


FIGURE 19.37 Position of aldehydes іп the hierarchy of oxidation states. 
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1. KMnO,, KOH, H,O 


CH3CH,CH,CH,CH,CH,CHO 
2. aq. acid 


heptanal 
CH3CH,CH,CH,CH,CH,CO,H 


heptanoic acid 
77% yield 


(Eq. 19.33) 


The high susceptibility of aldehydes to oxidation has a number of practical consequences. 
Even the oxygen in air can oxidize aldehydes to carboxylic acids at ordinary temperatures. For 
example, if we open a bottle of benzaldehyde (a liquid) that has been stored for even a relatively 
short period of time, we usually find that it contains some crystals of benzoic acid because the 
benzaldehyde invariably comes into contact with small amounts of air. A sample of benzaldehyde 
stored for a long period of time might even be completely solid (i.e., completely oxidized to ben- 
zoic acid). For this reason we must carefully check all aldehydes for purity before we use them. 

Aldehydes can be oxidized to carboxylic acids in the presence of other sensitive functional 
groups. A group of very mild oxidizing agents that can be used in the selective oxidation of 
aldehydes to carboxylic acids is based on Ag(I). These reagents are sufficiently mild that they 
oxidize aldehydes to carboxylic acids without affecting primary or secondary alcohol functions 
that are also present. Stronger oxidizing agents would oxidize both aldehyde and alcohol func- 
tional groups. 

One example of this type of oxidizing agent is Tollen's reagent, [Ag(NH3);]*. A solution 
containing this ion can be prepared by adding concentrated aqueous ammonia to a solution of a 
silver salt, such as silver nitrate. Aldehydes react with this cation in aqueous solution to gener- 
ate the carboxylate salt, reducing the complex silver ion to metallic silver, Ag(0), which forms 
as a mirror on the walls of the reaction flask. We sometimes use this reaction as a diagnostic test 
for the presence of an aldehyde functional group (“Ше silver mirror test"). A similar reagent is 
a suspension of silver oxide in aqueous alkali solution. An example of the use of this type of 
reagent is shown in Equation19.34. 


Би 1. Аг,О, NaOH, H,O Гу 
---- 
S CHO 2. aq. acid S СОН 
2-thiophenecarboxaldehyde 2-thiophenecarboxylic acid 


96% yield (Eq. 19.34) 


THE OXIDATION OF KETONES 


Most ketones are resistant to most oxidizing agents. Methyl ketones, however, constitute an 
exception. Under the special conditions of the haloform reaction, methyl ketones undergo 
oxidation to carboxylic acids (see Section 19.12). Other ketones give no reaction with most of 
the common oxidizing agents we have met. Oxidation occurs only under extreme conditions that 
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result in the cleavage of a carbon-carbon bond. The product of such a reaction is often a mixture 
of carboxylic acids, making such reactions of little synthetic value. (An exception is the Baeyer- 
Villiger oxidation, which we will discuss in a later chapter.) 


THe REDUCTION OF ALDEHYDES AND KETONES TO ALCOHOLS 


The reduction of an aldehyde or ketone to an alcohol is a process of great synthetic value. Two 
common approaches are catalytic hydrogenation and the use of complex metal hydrides such 
as sodium borohydride (NaBH,) or lithium aluminum hydride (ЛАЈН,). 

Catalytic hydrogenation occurs readily in the presence of a variety of catlalysts; the catalysts 
are finely divided metals, sometimes held on the surface of a support medium such as charcoal. 
Palladium, platinum, rubidium and nickel are most commonly used. (The metals palladium and 
rubidium are generally supported on a carbon powder. Platinum is often in the form of Р.О», 
Adam's catalyst, a brown solid that reacts with hydrogen immediately to form finely divided 
Pt(0). Nickel is usually in the form of Raney nickel.) an example of the reduction of a simple 
ketone using catalytic 22” is shown in Equation 19.35. 


OH 
ис atm.), PtO2 
EN CN 25° 
сус1оһехапопе сус1оһехапо1 
98% yield (Ед. 19.35) 


However, this method has the disadvantage of being of low selectivity. Other functional 
groups, such as alkene double bonds, also undergo reduction under these conditions. An exam- 
ple is shown in Equation 19.36. 


OH 
Н,(1 atm.), Ni 


methyl 4-cyclohexenyl ketone 1-cyclohexylethanol 
96% yield (Eq. 19.36) 


Metal hydride reducing agents are more selective. The two reagents of this type that are most 
commonly used are sodium borohydride and lithium aluminum hydride. Of the two, lithium 
aluminum hydride is the more potent and therefore less selective. Sodium borohydride is a rel- 
atively mild reagent. While it usually effective for the reduction of the carbonyl group of 
aldehydes and ketones, it has no effect on many other groups that would undergo reduction with 
lithium aluminum hydride. 

Both reagents act, in effect, as sources of nucleophilic hydride ion. We can think of the 
reduction as involving a nucleophilic addition of a hydride ion delivered by the metal hydride 
reagent to the carbonyl carbon. Interestingly, simple metal hydrides such as sodium hydride, 
NaH, are not effective for this reduction. (You should remember that there is no free hydride 
ion floating around in solution with any of these reagents at any time. iHydride ioni is in a 
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bound state, and the complex ion donates a hydrogen nucleus along with a pair of electrons.) 
Examples of the use of these metal hydride reducing agents are shown in Equation 19.37 and 
Equation 19.38. 


1. LiAIH,, ether 


O —_ а и ОН 
2. aq. acid 
cyclobutanone poer 
(Eq. 19.37) 
МаВН,, Н-О OH 
2 ~~ “сно РУС И 
4-pentenal 4-penten-1-ol 
85% yield (Eq. 19.38) 


There are a variety of methods available for the conversion of a carbonyl group to a 
methylene group. We have already seen one of these methods earlier in this chapter—the desul- 
furization of thioacetals or thioketals using Raney nickel. Two other important (and 
complementary) methods are the Clemmensen reduction and the Wolff-Kishner reduction. 
While the Raney nickel desulfurization occurs under essentially neutral conditions, the 
Clemmensen reduction occurs in acidic medium and the Wolff-Kishner reduction occurs in basic 
solution. The experimental conditions for each of these methods are summarized in Table 19.5. 


TABLE 19.5 Experimental Conditions for the Reduction of a Carbonyl Group to a 


Methylene Group. 


Method Experimental Conditions and Procedures 
Raney nickel desulfurization The carbonyl compound is first converted to 
of thioketals the dithioketal using 1,3-propanedithiol with 


acid catalysis. Under neutral conditions the 
dithioketal is treated with freshly prepared 
Raney nickel. 


Clemmensen reduction The carbonyl compound is treated with a zinc 
amalgam [a solution of zinc in mercury, 
generally written Zn(Hg)] in concentrated 
hydrochloric acid. 


Wolff-Kishner reduction The carbonyl compound is heated with 
hydrazine to form the hydrazone. The hydrazone 
is heated strongly with sodium or potassium 
hydroxide in a high-boiling alcohol such as 
diethylene glycol. 
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You might wonder why we need several alternative methods for accomplishing the same 
functional group transformation. Why wouldn’t a single method suffice (there would be a lot less 
for the student to learn)? If we worked only with simple compounds containing only one func- 
tional group, one method would probably suffice most of the time. However, when working with 
complex molecules containing many functional groups, we must make certain that changing one 
functional group does not at the same time change other functional groups that are present and 
that we wish to keep intact. For example, suppose we wish to reduce a carbonyl group to a 
methylene group. If our molecule also contains an alcohol function, we would not choose the 
Clemmensen reduction method because the strong acid could react with the hydroxyl group and 
cause rearrangements. Similarly, if our compound contained a remote halogen substituent, we 
would not choose either the Raney nickel desulfurization (carbon-halogen bonds can undergo 
hydrogenolysis) or the Wolff-Kishner reduction (the strong alkali could cause an elimination 
reaction at the halide site). 

Examples of the Clemmensen and Wolff-Kishner reductions are shown in Equation 19.39 
and Equation 19.40. 


ОСН; ОСН; 


Zn(Hg), НСІ, Н,О 


ethanol, reflux 
HO CHO HO CH3 


3-methoxy-5-hydroxytoluene 
65% yield 


(Eq. 19.39) 


3-methoxy-5-hydroxybenzaldehyde 


1. H59NNH; 
O—C(CH;CH;CH;CH,;CO9H); — — — — — » H5C(CH;5CH5CH;CH5CO3H); 
2. KOH, Н-О, heat 
А undecandioic acid 
6-oxoundecandioic acid араш 90% yield 


(Ед. 19.40) 


Although the mechanisms of the Clemmensen reduction and Raney nickel desulfurization 
are beyond the scope of this course (heterogeneous reactions are almost always quite complex 
to diagram), the mechanism of the Wolff-Kishner reduction is not. In fact, it is a rather inter- 
esting mechanism involving a series of acid-abse equilibria that are pushed to the product side 
by the irreversible evolution of nitrogen, one of the reaction products. The acid-base reactions 
essentially transfer hydrogen from the terminal nitrogen to the carbon. The mechanism shown 
begins with the preformed hydrazone (from reaction of the carbonyl compound with 
hydrazine). 
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The Wolff-Kishner Reduction 


Step 1 Deprotonation of the hydrazone 


Х р 
R,C=N7NH_ + он 
| m. 
Ч, 


Step 2 Acid-base reaction with water 


3 8 
КС —N =NH + H,O 


R,C—N=NH + H,0 __ —- RCH—N=NH + но” 


Step 3 Deprotonation of the intermediate 


~ AN 
R,CH—N=NH+ HO ло? J R,CH—N-N H,O 


Step 4 Decomposition of the intermediate— This rate-determining step is essentially irre- 
versible because of the evolution of nitrogen gas from the reaction mixture. The driving 
force for the generation of the carbanion in this step is the great stability of the bond in 
the nitrogen molecule. 


iun ——_ = 
R,CH—N=N — д ВСН + №, 


Step 5 Another acid-base reaction with water 


R,CH + НО — ВСН, + НО” 
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+ Aldehydes and ketones both contain the carbonyl functional group 
\ 
C—O 
/ 


* In aldehydes, at least one hydrogen atom is attached to the carbon of the carbonyl group. 
* In ketones, the carbon of the carbonyl group is bonded to two other carbon atoms. 


* Aldehydes and ketones can be prepared in a variety of ways. The most important general 
method is oxidation of primary or secondary alcohols. Primary alcohols yield aldehydes 
under controlled oxidation conditions. Secondary alcohols are oxidized by a variety of 
reagents to ketones. 


* Other general methods for the preparation of aldehydes and ketones include the hydration 
of alkynes, the pinacol/pinacolone rearrangement, and the treatment of acid halides with 
reducing agents (to produce aldehydes) or with certain organometallic reagents (to pro- 
duce ketones). 


* There are some special methods for producing aromatic aldehydes and ketones. Aromatic 
aldehydes can sometimes be prepared by means of the Reimer-Tiemann reaction of a phe- 
nol with dichlorocarbene, and aromatic ketones can be made by Friedel-Crafts acylation. 


* The carbonyl group is attacked by nucleophiles, resulting in nucleophilic addition. The 
nucleophile adds to the carbon of the carbonyl group, and a pair of electrons is displaced 
from the carbon-oxygen double bond to become an unshared valence level electron pair 
on oxygen. 


* In many instances of carbonyl addition, such as the addition of cyanide or a Grignard 
reagent, a substance containing the hydroxyl group is obtained after aqueous workup. 


* With aldehydes and unsymmetrical ketones, the carbonyl group constitutes a trigonal 
prochiral site that can generate a racemic mixture of nucleophilic addition products, or 
exhibit asymmetric induction when a stereogenic site is present. 


* Water and alcohols add to the carbonyl group to form chemically dynamic hydrates, 
hemiacetals, and hemiketals. 


* Relatively less dynamic full acetals or ketals can be obtained by the reaction of alcohols 
with aldehydes or ketones in the presence of anhydrous acid, with the removal of water 
from the reaction system as it is formed. 


* Full acetals and ketals are not cleaved by basic or nucleophilic reagents. They thus pro- 
vide a means for protecting carbonyl groups. 


* Cyclic acetals, ketals, thioacetals, and thioketals can be prepared by allowing aldehydes 
or ketones to react with diols or dithiols. 


* When a nitrogen-containing nucleophile attacks an aldehyde or ketone using an unshared 
valence level electron pair on nitrogen, the initially formed species contains a hydroxyl 
group, but it may then eliminate water to form a product with a carbon-nitrogen (or, if a 
secondary amine, a carbon-carbon) double bond. 
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* Phosphorus ylides (compounds containing a negatively charged carbon and an adjacent 
positively charged phosphorus atom) function as nucleophiles toward the carbonyl group. 
The reaction, known as the Wittig reaction, is of major importance because it leads to the 
formation of a new carbon-to-carbon double bond (olefination). 


+ Aldehydes, but not ketones, undergo facile oxidation. Aldehydes yield carboxylic acids 
upon reaction with many oxidizing agents. Even very mild oxidizing agents allow this 
reaction to occur. 


% Aldehydes and ketones can be reduced to alcohols with complex hydride reagents such as 
sodium borohydride. 


¢ The carbonyl group can be reduced to a methylene group by a variety of methods, 
including the Clemmensen reduction, the Wolff-Kishner reduction, or Raney nickel 
desulfurization of a thioacetal (thioketal). 


* Cyclic thioacetals formed by the reaction of an aldehyde with a 1,3-dithiol can be 
deprotonated by strong base. The hydrogen removed is the one attached to the carbon 
atom that originally was the carbonyl carbon atom. The deprotonation produces a nucle- 
ophilic carbanionic reagent that reacts with electrophiles such as haloalkanes. The 
products of these reactions can be hydrolyzed to form ketones. 


Terms to Remember 


nucleophilic addition pinacol/pinacolone cyanohydrin 

enolate anion rearrangement Wittig reaction 

formyl substituent Rosenmund reduction ylide 

formylation hemiacetal betaine 

Jones reagent hemiketal thiol 

Moffatt oxidation entropy haloform reaction 
hydration imine Tollen’s reagent 
Gatterman-Koch Schiff base catalytic hydrogenation 
synthesis hydrazone complex metal hydrides 
Reimer-Tiemann reaction oxime Clemmensen reduction 
Hoesch reaction enamines Wolff-Kishner reduction 


Reactions of Synthetic Utility 


CO, HCI, AICI 
116. АТН ————————> ArCHO 


OH OH 


СНС, NaOH 
117. В se В 
CHO 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


129. 


130. 


H,, Pd/BaSO, 


RCOC] ~~~ RCHO 


ЕСН;ОН 


КСОСІ 
КСОСІ 


КСОСІ 


RR'C—O 


RR'C—O 


RR'C—O 


RR'C—O 


DMSO, DCC, acid 
_———- 


LiAl[OC(CH3)4]3H 
—— 


R',CuLi 
R',Cd 


HOCH, CH, OH 


acid 


H, NX, acid 
---------- 


НХК”, acid cat. 
— 325 


NaCN, acid 


(C6Hs)3P = СК", 
> 


HSCH, CH, SH 
У 


acid 


Raney Ni 
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RR'C—CR' 


— >  RR'CH, 


NaHSO; 


— RHC 


ке 


SO4Na 
/ 


\ 
ОН 
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131. 1. CH; CH, CH; CH; Li 
a RR'C=O 
E d 2. R'X 
в H 3. aq. acid 
132. 
RO „сн, Хо, NaOH, H,O к. 
n CO;H 
O 
133. R СН» X», acetic acid Н. ,CHox 
М С 7 > С 
|| || 
О О 
134. 1. Ag50, NaOH, H,O 
2. aq. acid 
135. H3, РО; 
136. 1. LiAlH4 
2. aq. acid 
137. NaBH, 
138. Zn(Hg), HCl 
ЕКС-0 >  RR'CH, 
139. KOH, H,O, heat 


RR'C=N—NH, > RR'CH, 


Problem 19.1 


In providing IUPAC names for ketones we usually designate the position of the carbonyl 
group with a numerical prefix. In giving IUPAC names for acetone and methyl ethyl 
ketone, however, the numerical prefix is omitted. Explain why the numerical prefix is 
omitted in these instances. 


(answer) 


Problem 19.2 
For each of the structures shown in Figure 19.7, provide an alternative acceptable name. 


(answer) 


Problem 19.3 

Provide IUPAC names for each of the following: 
a) formaldehyde 

b) propionaldehyde 

с) isobutyraldehyde 

d) diisopropyl ketone 


e) di-sec-butyl ketone 


(answer) 


Problem 19.4 


Suggest a reason why acetone has a greater dipole moment than does formaldehyde. 


(answer) 


Problem 19.5 


Suggest a reason why acetone has a higher boiling temperature than does the isomeric 
propionaldehyde. 


(answer) 


Problem 19.6 
Suggest structures for compounds A-F, for which analytical data are provided below. 


a) A - Formula: С5Н 100; IR: 1715 ст '; 'H NMR: exhibits only a triplet and a 
quartet. 


b) B - Formula: C4HsO; IR: 1720, 2710 ст !; ІН NMR: 1.18 (doublet, relative area 
6), 2.36 (multiplet, relative area 1), 9.6 б (closely spaced doublet, relative area 1). 


с) C - Formula: C4HsO; IR: 1715 ст”; ІН NMR: 1.05 (triplet, relative area 3), 2.1 6 
(singlet, relative area 3), 2.5 6 (quartet, relative area 2). 


d) . D- Formula: C4HgO»; PC NMR (broad band decoupled): 25.9, 58.5, 77.7, and 
205.5 ppm downfield from TMS (under conditions of coupling to directly attached 
protons, these signals appear respectively as a quartet, a quartet, a triplet, and a singlet). 


e) Е - Formula: C7H140; IR: 1715 ст; 'H NMR: 1.08 (singlet, relative area 9), 2.2 
б (singlet, relative area 2), 2.3 6 (singlet, relative area 3). 


f) Е - Formula: C;SH100; IR: 1720, 2710 ст !; ІН NMR: 1.18 (doublet, relative area 
6), 2.1 5 (singlet, relative area 3), 2.3 6 (multiplet, relative area 1). 


(answer) 


Problem 19.7 


You have two samples of organic compounds. You know that one of them is p- 
methoxyacetophenone and the other is p-nitroacetophenone, but you don't know which is 
which. On IR analysis, sample A exhibits a carbonyl peak at 1700 cm ! whereas sample B 
exhibits a carbonyl peak at 1685 cm !. Which structure belongs to sample А and which to 
sample B? 


(answer) 


Problem 19.8 


Why do we use a substituted borane rather than a BH3 complex in the reaction shown in 
Equations 19.8? 


(answer) 


Problem 19.9 


Write a mechanism for the reaction of Equation 19.9 using the curved-arrow formalism. 


(answer) 


Problem 19.10 
Predict the products of each of the following pinacol/pinacolone rearrangements: 
a) 1-phenyl-1,2-ethanediol with sulfuric acid to yield a product of formula СНО. 


b) 2-methyl-1-phenyl-1,2-propanediol with sulfuric acid to yield a compound of 
formula СіоН 120. 


с) 1,2-butanediol with sulfuric acid to yield а compound of formula C4HgO. 


d) 
OH OH 


ем, 


C; Hs with sulfuric acid to yield a compound of formula СНО 
that contains no five-membered ring. 


| ОН | 
НО 


that has a spirane structure. 


е) 


with sulfuric acid to yield a compound of formula CgH 0 


(answer) 


Problem 19.11 
Calculate how many mL of water would be collected in a Dean-Stark trap if the ketal 


formation between 20.0 g of cyclohexanone and 150.0 g of 1-pentanol went to 
completion. 


(answer) 


Problem 19.12 
What is the sign (positive or negative) of AS" for the reaction shown in Equation 19.20? 
What must be the sign of АН” if the equilibrium constant for the reaction is to be > 17. 


Remember, at constant pressure and temperature 


АС” = АН” - TAS" 


(answer) 


Problem 19.13 


Suggest how to perform each of the following conversions using a 
protection/deprotection sequence. 


a) 4-heptynal from 1 -butyne and 3-bromopropanal 


b) 4-deuteriobenzaldehyde from 4-bromobenzaldehyde 


(answer) 


Problem 19.14 


Write a detailed mechanism for the acid catalyzed hydrolysis of the imine derived from 
benzaldehyde and ammonia. 


(answer) 


Problem 19.15 


Give the structure of the product expected from the acid-catalyzed reaction of 
phenylhydrazine (CsH;NHNH>) with benzaldehyde. Write a mechanism for this reaction. 


(answer) 


Problem 19.16 


Consider the protonated hydrazone structure shown in Figure 19.25. Why is it not 
possible for the nitrogen of the -NH» group to exert an electron-donating effect through 
resonance (using its unshared valence level electron pair) to stabilize the adjacent positive 
charge. 


(answer) 


Problem 19.17 
Notice that semicarbazide (19.3) has two -NH» groups. However, only one of these is 


reactive toward carbonyl groups. That is, semicarbzaone derivatives of aldehydes have 
the general structure: 


R^ ^g 


Rationalize the failure of the other -NH, group to undergo this type of reaction with a 
carbonyl group. 


(answer) 


Problem 19.18 
Hydroxylamine, НОМН», reacts with aldehydes and ketones to produce derivatives 
known as oximes. Suggest a structure for the oxime derivative formed by treating acetone 


with hydroxylamine. 


(answer) 


Problem 19.19 


Not all aldehydes and keotnes react with secondary amines to generate enamines. 
Rationalize the failure of 2,2-dimethylpropanal to form an enamine with a secondary 
amine. 


(answer) 


Problem 19.20 


Perform a retrosynthetic analysis to devise two possible synthetic routes for preparing 2- 
methyl-2-hexanol from a carbonyl compound and a Grignard reagent. 


(answer) 


Problem 19.21 


Suggest a synthetic route (involving a Grignard reagent) that will enable you to prepare 
1 -phenyl-3-methyl-2-butanol from toluene and any alcohol of four or fewer carbons that 
you choose. You will need to perform synthetic manipulations on both the toluene and 
your chosen alcohol to accomplish this end. 


(answer) 


Problem 19.22 


Plan a synthetic route for each of the following compounds using Wittig reaction 
methodology. 


a) ] -hexene 

b) styrene 

с) 2,3-dimethyl-2-butene 
d) 1,1-diphenylethylene 


(answer) 


Problem 19.23 
In the mechanism shown for the Wittig reaction, a by-product of triphenylphosphine 
oxide was shown. Describe the nature of the phosphorus-oxygen bond in 


triphenylphosphine oxide and draw another resonance structure for the molecule. 


(answer) 


Problem 19.24 
Suggest a synthesis of CH3CH2CH2CH2SH from CH3CH2CH2CH20H. 


(answer) 


Problem 19.25 


1,3-Dithiane (shown below) is a commercially available material. Give the structures of 
compounds A-C in the following reaction scheme involving 1,3-dithiane. 


S A S 
1,3-dithiane 
1. LiCH;CH, CH, CH; 


1,3-dithiane 22-2 _ > А (СН 125 2) 
2. CH; CH, Br 


1. LiCH, CH, CH, CH; 


2. (CH з), CHI 


Y 


HSCH, CH, CH, SH + C 5-22-22: В (СУН 1855) 


(answer) 


Problem 19.26 


Calculate the equilibrium constant for the reaction of ethoxide ion with acetone by using 
the appropriate pK, values, as noted in Table 6.2 and Table 19.4. 


(answer) 


Problem 19.27 


We can also racemize chiral carbonyl compounds in acidic solution. The process is 
catalytic with regard to the concentration of hydronium ion. Suggest a mechanism for the 
acid-catalyzed racemization of (R)-2-methyl-1-phenyl-1-butanone. 


(answer) 


Problem 19.28 


A ketone containing just one carbonyl group is found to have a molecular weight of 100 
g/mole. The ketone is shaken with NaOD in ПО. On isolation of the organic product the 
molecular weight is found to have increased to 103 g/mole. Suggest all possible 
structures for the starting ketone. 


(answer) 


Problem 19.29 


Which of the following compounds do you expect to give a positive iodoform test? 


a) 2-pentanone 
b) 3-pentanone 
с) 2-pentanol 


d) 3-pentanol 

e) acetophenone 
f) benzyl alcohol 
g) benzophenone 


(answer) 


Problem 19.30 

Consider the reaction of acetone with bromine in aqueous basic solution. Using the 
curved-arrow formalism, write the two mechanistic steps leading to the formation of 
monobromoacetone. Given that the rate law for the reaction is 


Rate = k[acetone][hydroxide ion] 


which of the two steps is faster? Predict whether iodine or bromine will react more 
rapidly with acetone under base-catalyzed conditions. 


(answer) 


Problem 19.31 


The reaction of acetone with bromine in aqueous acid is catalytic with regard to 
hydronium ion concentration. Suggest a mechanism for this process, noting which step is 
rate-determining, given the following information: 


• acid-catalyzed hydrogen-deuterium exchange and acid-catalyzed 
bromination occur with the same rate constants. 
• acid-catalyzed iodination and acid-catalyzed racemization of a chiral 


ketone (such as 2-methyl-1-phenyl-1-butanone) occur with the same rate constants. 


(answer) 


Problem 19.32 


Choose the reagent or combination of reagents you would use to accomplish each of the 
following conversions: 


a) crotonaldehyde (CH;CH=CHCHO) to 1-butanol 
b) cinnamaldehyde (СоН5СН=СНСНО) to cinnamyl alcohol (CeHsCH=CHCH20H) 


(answer) 


Problem 19.33 

Write structural formulas for each of the following: 
a) (Z)-2-butenal 

b) benzyl phenyl ketone 

с) isobutyraldehyde 

d) 3-chloropentanal 

e) 2-bromo-8-methyl-7-oxo-3-nonyne 

f) (E)-3-methylcyclobutanecarbaldehyde 

g) 3-formylcyclohexanone 

h) (Z)-3-phenylpropenal 

1) B-bromobutyl neopentyl ketone 

j the semicarbazone of butanone 

k) the 2,4-dinitrophenylhydrazone of benzaldehyde 


1) the cyclic ketal formed by treating acetophenone with 1,2-ethanediol in the 
presence of anhydrous acid 


m) a phosphorus ylide that will react with benzaldehyde to form 


C,H; 


X 


n) a chiral substance of formula C;H;4O that is not racemized when placed in 
aqueous basic solution but does give a yellow precipitate with the iodoform test 


о) the enamine produced from acetone and diethylamine 


p) a substance of formula СН |5М produced by the reaction of cyclopentanone and 
pyrrolidine in the presence of acid 


L 


N 
| 
H 


pyrrolidine 


q) a substance of formula С5Н 100 that forms a phenylhydrazone derivative, gives а 
negative test with Tollens' reagent, and gives a negative iodoform test 


r) the aldehyde or ketone isomer of formula C4H5CIO that most readily forms a 
hydrate (i.e. a gem-diol derivative) 


$) а substance that is in tautomeric equilibrium with acetophenone 


t) а substance of formula САН that is formed along with water when 4- 
aminobutanal is treated with acid 


u) a substituted cyclohexanol of formula C7H140 that can not be made by reduction 
of a ketone or aldehyde with sodium borohydride 


у) a ketone that on Clemmensen reduction yields 4-isobutyltoluene 


w) an alkene formed by treating iodoethane initially with triphenylphosphine 
followed by strong base and then with acetone 


X) а substance of formula СН gO, that exhibits IR absorptions at ~3400 and ~1700 
cm." and that is oxidized to benzene-1,4-dicarboxylic acid by the action of potassium 


permanganate in aqueous base 


y) the product obtained by treating benzophenone with methyl Grignard followed by 
dilute sulfuric acid 


Z) a methyl ketone that can be used to prepare (CH3);CHCO:H by a haloform 
reaction 


(answer) 


Problem 19.34 


Substance А has the molecular formula C4H9Br. When A is boiled with aqueous NaOH, 
B is formed. Compound B can be oxidized by hot, aqueous dichromate in sulfuric acid to 
yield C, of formula С4НзО. Compound С forms a derivative when treated with 2,4- 
dinitrophenylhydrazine but gives a negative Tollens' test. Suggest structures for 
compounds A -C. Which of the compounds A-C gives a positive iodoform test? 


(answer) 


Problem 19.35 

Show how to prepare each of the following compounds using a Grignard reagent. 
a) 2-methyl-2-pentanol 

b) 1-phenyl-1-propanol 

с) 3-pentanol 


(answer) 


Problem 19.36 


What organic products are anticipated when benzaldehyde is treated with each of the 
following reagents? 


a) 
b) 
с) 
d) 
е) 
f) 
9) 
h) 
i) 
2) 
К) 
ђ 
m) 


n) 


hot, aqueous potassium dichromate in sulfuric acid 
1,2-ethanediol and anhydrous acid 

Tollens' reagent 

lithium aluminum hydride, followed by work-up with aqueous acid 
sodium cyanide and dilute sulfuric acid 

sodium bisulfite 

a mixture of concentrated nitric and sulfuric acids 

hydrogen in the presence of a nickel catalyst 
1,3-propanedithiol and anhydrous acid 

ethanol and anhydrous acid 

ethylamine and anhydrous acid 

sodium acetylide followed by hydrolysis with aqueous acid 
hydrazine followed by KOH in a high-boiling alcohol solvent 


bromine and iron 


(answer) 


Problem 19.37 


Compound D is a bromoalkane. D reacts with magnesium in ether to form a Grignard 
reagent that yields butane on treatment with water. The Grignard reagent reacts with 
acetaldehyde to form 3-methyl-2-pentanol (after workup with aqueous acid). What is the 
structure of D? 


(answer) 


Problem 19.38 


Give the structure of the anticipated organic product (if any) upon treatment of 
acetophenone with each of the following: 


a) bromine in aqueous sodium hydroxide followed by acidification 
b) excess of sodium deuteroxide in deuterium oxide 

с) chromic anhydride in sulfuric acid 

d) lithium aluminum hydride followed by workup with aqueous acid 
e) diethylamine with an anhydrous acid 

f) zinc amalgam and concentrated hydrochloric acid 

g) silver oxide and sodium hydroxide in water 


h) chromic anhydride in pyridine 
i) bromine in acetic acid 


(answer) 


Problem 19.39 

Suggest routes for the preparation of acetophenone from each of the following: 
a) benzene 

b) phenylacetylene 

с) acetaldehyde 


(answer) 


Problem 19.40 


Suggest a series of reactions that will yield the compound shown below using 
cyclpentanone as the only source of carbon atoms in the product. 


OKI 


(answer) 


Problem 19.41 


Suppose 2,3-diphenyl-2,3-butanediol is treated with 4096 sulfuric acid so as to induce a 
pinacol/pinacolone rearrangement to occur. This reaction forms E, of formula С «НО. 
When E is treated with aqueous sodium hydroxide and iodine, a yellow precipitate forms. 
After acidification of the reaction mixture, a carboxylic acid, F, forms. Suggest structures 
for E and F. 


(answer) 


Problem 19.42 
Give reagents and reactions conditions for accomplishing the following syntheses: 


a) 1,1-diphenylethane using Wittig reagent chemistry, starting from any haloalkane 
and any carbonyl compound of your choice. 


b) sec-butyl methyl ether from butanone 

с) pentanal from 1-pentene 

d) m-chloroethylbenzene from benzene 

e) 1-phenylethanol from acetophenone 

f) 4-deuteriocyclohexanone from 4-hydroxycyclohexanone 


(answer) 


Problem 19.43 


Suppose acetaldehyde is treated with 1,3-propanedithiol, followed by strong base, 
followed by 2-ethyloxirane. On acidic water workup of the resulting mixture a substance 
of formula С6Н1202 is isolated. Suggest a structure for this product and explain its 
formation. 


(answer) 


Problem 19.44 


Give a complete mechanism for the reaction of acetone, ethylene glycol, and anhydrous 
acid to form a cyclic ketal. 


(answer) 


Problem 19.45 


When cyclobutanecarbaldehyde is heated with acid, it is converted to a substance of 
formula С5НзО that forms a 2,4-dinitrophenylhydrazine derivative but does not react with 
Tollens' reagent. Using mechanistic principles you have learned throughout the course, 
suggest a likely structure for the product and give a mechanism for its formation. 


(answer) 


Problem 19.46 


In a manner similar to that used in Problem 19.45, propose a mechanism for the reaction 
shown below. 


O OH 


anhydrous acid 
> 
СН; 
HC CH, CH; 


(answer) 


Problem 19.47 


When 4-hydroxybutanal is dissolved in methanol containing НСІ, the acetal shown below 
forms. Suggest a mechanism for its formation. 


O 
H OCH, 


(answer) 


Problem 19.48 


Suppose 2-methyl-2-cyclohexenone is dissolved in a large excess of CH3OD containing 
base. After some time, an extraction is performed and the organic substance present is 
found to be identical to the starting material, except that four hydrogen atoms have been 
replaced by deuterium atoms. Use your mechanistic knowledge to decide which four 
hydrogen atoms have been replaced. 


(answer) 


Problem 19.49 


Suggest a structure for the compound of formula С7Н!2О> that reacts with iodine in 
aqueous sodium hydroxide solution to produce iodoform, and after acidification, a 
compound of formula С5НзО4 that exhibits broad IR absorption between 2500 and 3400 
cm” and whose ІН NMR spectrum consists of two singlets. 


(answer) 


Problem 19.50 


When benzene is heated with С (formula C4H7C10) in the presence of aluminum 
chloride, the reaction yields H (formula С (120). Compound H exhibits a band near 
1700 cm’ in the IR spectrum and yields I (formula CioHi4) on treatment with zinc 
amalgam and hydrochloric acid. The 'H NMR spectrum of I exhibits the following 
signals: 0.88 0, 6 H, doublet; 1.86 6, 1 H, multiplet; 2.45 6, 2H, doublet; 7.12 8,5 H, 
singlet. Give the structures for compounds G-I. 


(answer) 


Problem 19.51 


Compound J (formula СюН120) exhibits a signal in its IR spectrum near 1700 ст”. 
Upon treatment with methyl Grignard and workup with aqueous acid, J yields K, which 
exhibits the following ІН NMR signals: 0.8 6, ЗН, triplet; 1.3 6, 6 H, singlet; 1.5 6, 2 H, 
quartet; 5.3 6, 1 H, broad singlet; 7.0 6, 4 H, AA'BB' quartet. Suggest structures for 
compounds J and K. 


(answer) 


Problem 19.52 


Provide structures for the compounds L-R in the reaction scheme shown below. 


1. BH}, THF HgSO,, H,SO, 
---------- 


M << — L 


2. Н,О,, KOH H,O 


(CioH1202) (C ioH 190) 


Н, 


hot 
conc. HI 


Y 


iodoethane + 4-hydroxybenzoic acid 


(answer) 


(СоН |20) 
1. СН; MgBr 


2. aq. acid 


Y 


Q 
(СиН кО») 


aq. acid 
heat 
Y 
R 
(СН 140) 


Problem 19.53 


The ketal shown below (exobrevicomin) has been identified as a pheromone of the 
Western pine beetle. Give the structure of a dihydroxyketone that on treatment with 
anhydrous acid will undergo intramolecular conversion to the ketal shown. Show how to 
synthesize the ketal starting 6-bromo-2-hexanone. 


O 


(answer) 


Problem 19.54 


A ketone $ (CgHi40), which exchanges two hydrogen atoms for deuterium when treated 
with alkaline deuterium oxide, undergoes Wolff-Kischner reduction to give a saturated 
hydrocarbon, T (CsHi6). Compound $ can be reduced to an alcohol U (СаН 160) that on 
acid catalyzed dehydration yields two hydrocarbons, V and W (both СН д). Ozonolysis 
of V gives a diketone X (СЫН 40), which is oxidized to HOOC(CH;)4,COOH upon 
treatment with aqueous KOH/Br». Give structures for the compounds S-X. 


(answer) 


19.1-answer 


In the instance of acetone (propanone), the only place the carbonyl group could be 
located and remain a ketone is at the 2-position. Similarly, with methyl ethyl ketone 
(butanone), the only site for a carbonyl group in a ketone structure is the 2-position. Thus 
it would be redundant to include the numerical prefix. 


19.2-answer 

a) methyl phenyl ketone 

b) ethyl 4-bromophenyl ketone 
с) methyl 2-naphthyl ketone 


d) diphenyl ketone 


19.3-answer 


a) 
b) 
с) 
4) 


е) 


methanal 

propanal 

methylpropanal 
2,4-dimethyl-3-pentanone 


3,5-dimethyl-4-heptanone 


19.4-answer 


Relative to hydrogen, alkyl groups (methyl groups in this instance) are electron donating. 
The methyl groups will be pushing additional electron density toward the carbonyl 
oxygen, which is already negative, increasing the separation of charge in acetone as 
compared to formaldehyde. 


19.5-answer 


Since acetone has two alkyl groups "pushing" electron density toward the carbonyl 
oxygen, the charge separation (and therefore the dipole moment) of acetone is greater 
than it is with propionaldehyde (one alkyl group "pushing" electron density toward the 
oxygen). With the greater charge separation there results greater dipole-dipole 
interactions that increase the boiling temperature of acetone relative to propionaldehyde. 


19.6-answer 


a) 
b) 
с) 
4) 


е) 


3-pentanone 
methylpropanal 

butanone 
methoxypropanone 
4,4-dimethyl-2-pentanone 


methylbutanone 


19.7 -answer 


With the p-methoxyacetophenone, resonance structures can be written showing the 
delocalization of unshared electron pairs from the methoxy oxygen to the carbonyl 
oxygen, correspondingly involving single-bond character between the carbonyl oxygen 
and the carbonyl carbon. This weakening of the C=O linkage is shown in the IR spectrum 
by a relative decrease in the frequency for the C=O stretching absorption. The sample A 
therefore is the p-nitroacetophenone and the sample B is the p-methoxyacetophenone. 


19.8-answer 


We use the hindered borane rather than a simple complex of BH: in order to limit the 
addition of B-H linkages across the carbon-carbon triple bond. With the hindered borane, 
there is room for the addition of only one B-H linkage across the carbon-carbon triple 
bond, thus leading to an enol upon oxidation and ultimately the aldehyde. 


19.9-answer 


HCOF + BF, 


19.10-answer 


b) 


с) 


d) 


e) О 


19.11-answer 

0.204 mole of cyclohexanone used 

1.70 mole of 1-pentanol used 

More than a two-fold amount of alcohol is used compared to the carbonyl compound, so 
the limiting reagent is the cyclohexanone. There will be 0.204 mole water generated upon 


completion of the reaction. 


0.204 mole corresponds to 3.67 g water, which at room temperature is ~3.7 mL. 


19.12-answer 


For the reaction of Equation 19.20, AS" would be negative. It involves two species (water 
and the acetal) being generated from three species (aldehyde and two molecules of 
alcohol). For the equilibrium constant to be >1, therefore, АН” would need to be negative 


(to render ДО" negative). 


19.13-answer 
a) 
HOCH, CH, OH О 


nou 2UHÓ. = x PT 


Н25О4 


1. NaNH; о 
" Iii NNNM ) 


O 
\ aq. acid 
— CHO 
2 О ди“ 


\ 


b) 


CHO 
НОСН,СН,ОН 
> 
H, SO, 
о о 1. Mg, ether 
С 2.D,0 
O O 
aq. acid 
————— 
D 


19.14-answer 


19.15-answer 


C—O if 
H 
\ й а 
C—OH x X 
+ > vee NHNHC, H; 
+ СН5МНМН < C OH 


ң \+ H 
NSSSNHNHCGHS + :В > Nes NINBCUI, 


стон стон 


+ BH* 


|. NHNHC,.H; В М... NHNHC4H; 
+ 


H 
H 

p |. NHNHC,H; 
+ + :B 


\ 
4 C—NNHC,H, + НВ” 


19.16-answer 


In order to stabilize the positive charge by electron pair donation into the charged 
nitrogen site, the receiving nitrogen (that which is charged) would require an empty 
orbital at the valence level to receive that electron pair. However, in the positively 
charged state there are already four bonds to that nitrogen and no empty orbital is 
available (without going to a higher principal quantum level, a very high energy 
consideration) to receive the electron pair. 


19.17-answer 


The -NH» group attached directly to C=O is relatively unreactive toward electrophilic 
sites because its valence level electron pair is delocalized to oxygen and thereby is of 
lower energy and not sufficiently available for reaction as a nucelophile. We can see this 
through the resonance delocalization structure shown below. 


O 
C с. + 
нм” “мН, * —* нм” “хн, 
| 


| 
NH, NH, 


19.18-answer 


19.19-answer 


2,2-Dimethylpropanal has no hydrogen attached to the carbon adjacent to the carbonyl 
carbon site. Thereby, no hydrogen can be removed from that site to generate the enamine. 
Reaction of 2,2-dimethylpropanal with a secondary amine thereby would stop at the 
iminimum ion stage. 


19.20-answer 


O 
c P» + CH; Mal 


OH 


2-methyl-2-hexanol << 
E + СН, СН, СН, СН, MgBr 


19.21-answer 


CrO; 
(CH;),CHCH,O0H > (CH;),CHCHO 
pyridine 
CH. 
3 4. Bry, hv саме: 
» 
water workup 
2. Mg, ether 


OH 


19.22-answer 


a) 


ger pc 


7 


Ph;PCH, + решапа! 


b) C 


Ph;PCH, + benzaldehyde 


Ph;PC(CH;), + propanone 


с) 


d) 
C, He 


C6H6 


РЬ; PCH, + (C 6 На )2 C=O 


19.23-answer 


The bonding between phosphorus and oxygen in triphenylphosphine oxide is of a nature 
similar to that between phosphorus and oxygen in an ylide. There is, of course, a o bond 
between the two atoms, but the remaining interaction involves p orbitals from two 
different principal quantum levels. As such, the interaction is not a simple л bond, but 
rather a highly polar one in which the oxygen is highly negatively charged and the 
phosphorus remains positively charged. 


+ 
Ph,P-O <-> PhP-O- 


19.24-answer 


PBr, 
СВ СН, CH, CH, OH ----» CH; CH, CH,CH, Br 
NaSH 


Y 


CH, CH, CH, CH, SH 


19.25-answer 


Т 
шие 
вс H 
А \ / 
С CH,CH 
H3 с X 2 3 
LJ 


о 
| 
„С. 
CH, CH, CH(CH;), 


19.26-answer 


Combining the contributing equations 


HO + (CH3),C-O = mo. PM 
H 


HO + CH;CH,OH .——* 4,0 + СН, СН, 


leads to 


» 


«——*  CH,CH,OH + 


Kz10'6 


19.27-answer 


(For proper understanding, you should draw each of the appropriate structures and 
processes as they are herein described.) 


The mechanism of acid-catalyzed racemization of carbonyl compound stereogenic at a 
hydrogen-bearing a-carbon atom site involves initial protonation of the carbonyl oxygen. 
Once this has occurred generating a positively charged species, a hydrogen may be picked 
off from the a-carbon site by a water molecule to generate an enol species. 


Reprotonation of the enol species from the opposite side of the a-carbon regenerates a 
protonated intermediate of opposite configuration. 


Finally, loss of the proton from oxygen by a water molecule provides the enantiomer of 
the original carbonyl compound. 


19.28-answer 


O 


19.29-answer 
2-pentanone 
2-pentanol 


acetophenone 


19.30-answer 


Step 1 
HO + | " 
» - 
H,C^ ^CH, Em TID 
Н.С СН, 
Step 2 9 X2 T 
„С.“ = ын TX 
Н.С СН, Н.С CH,X 


Given the observed rate law, the first step is the rate determining one, and thereby Step 2 
is faster. Bromine will react more rapidly than iodine in this process. 


19.31-answer 


The process occurs in four steps: (You should write out the structures for each of these 
steps for a full understanding of the process.) 


l. The carbonyl oxygen is protonated. 
2; Water removes a hydrogen from the a-carbon to generate an enol structure. 
3. The enol reacts with the bromine molecule to generate the protonated a- 


brominated compound. 
4. Water removes the proton from the oxygen to give the product. 


The second step is the rate-determining one. All noted reactions are dependent on the rate 
of formation of the enol species. 


19.32-answer 
a) H»/PtO» 


b) | NaBH4/H;O 


19.33-answer 


f CHO 
O 


(CH35;CHCHO 


a) 


b) 


с) 
4) 
CH3CH;CHCICH?CHO 


e) 
Br 


О 
CH; 


CHO 
С 


O 


Ң; 


9) 


h) 


2) 


К) 


m) 


n) 


NHC(O)NH , 
N- 


СН. СН, 


0) 


p) 


r) 


5) 


9 


u) 


v) 


w) 


x) 


с 


У) 


ОН 


H;C 


7) 


19.34-answer 


` ады 
б T 


Both B and C would give positive iodoform tests. 


19.35-answer 


a) 
O 


СН; МЕГ + pw --- 7 


aqueous acid 
work-up 


b) 
O 


C; H5MgBr + ZA ———- 
H 


aqueous acid 
work-up 


с) 
O 


та КД. —— 
H 


aqueous acid 
work-up 


19.36-answer 


a) 


b) 


с) 


4) 


е) 


9) 


h) 


H 
i) - 
о у 
О) 
\ 
Н 
k) 
N 
СХ \ 
\ 
Н 
1) 
HO H 
\ = 
в 
H 


19.37-answer 


CH3CHBrCH2CH3 


19.38-answer 


a) 


b) 


с) 


d) 


е) 


9) 


h) 


i) 


CD; 


No reaction 


( j mome, 


Ё N(CH ,CH;), 


No reaction 


No reaction 


CH, Br 


19.39-answer 


a) 

Acetic anhydride with aluminum chloride, workup with water. 
b) 

Mercuric sulfate, water, sulfuric acid. 
с) 


Phenylmagnesium bromide, workup with water. 


19.40-answer 


H 

NaBH H 
О= ME. (Y == СУ 
H,O Br 


Br 


РСН) Ж 
Р(СН;); 
Be 
у 


= 


19.41-answer 


СН; 
Н;С | 
5 paese Ns 
H,C 
O 
C 
НС 1° 5 
Е С ОН 
нс“ Мс 


19.42-answer 


a) 

1. reaction of iodomethane with triphenylphosphine to generate the 
methyltriphenylphosphonium iodide 

2. treatment of the above phosphonium compound with butyl lithium to generate 
the methylenetriphenylphosphorane (the appropriate Wittig reagent) 

3. addition of the above noted Wittig reagent to benzophenone and heating to 
generate the target product 


b) 
1. reduction of butanone using sodium borohydride in water to give 2-butanol 
2. generation of the alkoxide salt from the 2-butanol using sodium hydride 
3. addition of the alkoxide salt to iodomethane to give the target ether product 
с) 


1. treatment of 1-pentene with a borane complex |е.о. (СНз)>5-ВН3| and workup 
using aqueous basic hydrogen peroxide to give 1-pentanol 

2. oxidation of the resultant 1-pentanol with chromic anhydride in pyridine to 
generate the target aldehyde 


d) 

1. acylation of benzene using acetic anhydride and aluminum chloride to generate 
the acetophenone (after workup with water) 

2. treatment of acetophenone with chlorine and iron to give the m- 
chloroacetophenone 

3. reduction of the carbonyl group using hydrochloric acid and zinc amalgam 


e) 
treatment of acetophenone with sodium borohydride in water to give the target 
material 


f) 

1. treatment of 4-hydroxycyclohexanone with ethylene glycol in the presence of 
an acid catalyst to give the corresponding ketal 

2. treatment of the resulting ketal with CCl4/triphenylphosphine to convert the 
free hydroxyl group to a chloride 

3. formation of the Grignard reagent from the above generated chloride by 
reaction with Mg in ether 

4. addition of 050 to the Grignard reagent and workup with aqueous acid to 
generate the target product 


19.43-answer 


The product is 3,4-hexanediol. It is formed by the attack of the anion generated from the 
cyclic dithiane from acetaldehyde with the 1-position of the ethyloxirane, opening the 
ring. The hydroxyl groups are generated upon addition of the water. 


19.44-answer 


OH OH H 
ы » 7 


CH,CH,0H 
-H+ | 


OH 
H* 
CH,CH,OH CH,CH,OH 


/ \ + 
\ 
| CH,CH,OH 
Y 
О О 


19.45-answer 


+ 
OH 
ён. же (СНОН + р 
[T we ” 
-H* 
y 


ta of 


Cyclopentanone is the anticipated product. 


19.46-answer 


О OH OH 
H* 
> в 
н.с сн, 4 


нұс CH; HC CH, 
Y 
OH OH 
-H* 
-———— CH, 
CH, H 


19.47-answer 


H OH 
+ 
CHO н+ CHOH + 
а di —— О-Н 
ОН г 
-H* 
Y 
+ 
H H OH, H OH 
+ -H,O H* 
О TM E О <—— О 
СН;ОН 
| 
H OCH, H OCH; 
+ -H* 


19.48-answer 


CH, 


19.49-answer 


O O 


19.50-answer 


G Уо 


O 


19.51-answer 


© 


ОН 


19.52-answer 


L О | | 
fi CO,H 
р OCH, CH, 
H 
OCH, CH; P 
M 
О 
CH, CH,OH 
OCH, CH, 
OCH, CH, 
Q 
N 
CH, CH; ОН 
OCH, CH, 


19.53-answer 


HO 


Synthesis: 


Br 


HO 


» 


1. HOCH;CH;0H 
anh. acid 

3. BuLi 

4. СН. СН, CHO 
5. cool KOH, H, O 
KMnO, 


HO 


HO 


19.54-answer 


ES 
UN 
i 


AMINES AND RELATED 
COMPOUNDS 


20.1 INTRODUCTION 


The replacement of one or more of the hydrogen atoms of ammonia by alkyl or aryl groups 
produces an amine. Like ammonia, most amines are moderately basic. The unshared valence 
electron pair on nitrogen is the basic site since it has the ability to bind a proton. The basicity of 
amines, although relatively weak, is considerably greater than that of other families of organic 
compounds we have met. Amines are the strongest bases present in living organisms, and they 
are the bases in many physiological acid-base reactions. Amines can also act as nucleophiles 
toward suitable substrates. This reaction type is of wide-spread importance both in the synthetic 
arsenal of the organic chemist and in biological systems. 

The amine functional group is found in many important groups of naturally occurring 
compounds, including amino acids, peptides, proteins (Chapter 26) and nucleic acids and 
heterocyclic bases (Chapter 28). Alkaloids are organic bases that occur in plants. Figure 20.1 
shows some familiar alkaloids. Many alkaloids have profound physiological effects on humans. 
Some have medicinal uses, so this group of compounds has attracted considerable attention as a 
source of therapeutic pharmaceuticals. Unfortunately, many alkaloids are also toxic and 
addictive—many addictive drugs are alkaloids. 

In this chapter we explore the chemistry of relatively simple amines. An understanding of 
their chemistry is a crucial step in our effort to understand the role of biologically active nitro- 
gen compounds. 


20.2 STRUCTURE AND GEOMETRY 


Ammonia and the simple amines have a pyramidal geometry, as shown in Figure 20.2. The 
observed geometry is rationalized by invoking sp? hybridization for the valence level atomic 
orbitals of nitrogen. 

Ammonia and amines are more basic than neutral oxygen compounds such as water and 
alcohols. A nitrogen atom has a lower electronegativity than an oxygen atom, and thus the 
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N CH; 


nicotine 
(major alkaloid of 
the tobacco leaf) 


1 
М 
СОСН; 
Н 
ОСОС;Н; 
Н 
cocaine 
(chief alkaloid of the 


leaves of the coca bush) 


FIGURE 20.1 


nitrogen atom is a better electron pair donor. (However, amines are much weaker bases than 
those with negatively charged oxygen atoms, such as hydroxide ion and alkoxide ions.) 

The conjugate acids of ammonia and amines are, respectively, ammonium ion and substi- 
tuted ammonium ions. Such ions have tetrahedral shapes, as shown in Figure 20.3 for the 


ammonium ion. 


Quaternary ammonium ions, ions in which four alkyl (or aryl) groups are attached to a 
positively charged nitrogen, also have a tetrahedral geometry. An example of a quaternary 
ammonium salt is tetramethylammonium iodide (20.1). Such salts can be prepared by the reac- 


CH,0 


CH,CH,NH, 


СНО 


OCH; 


mescaline 
(a cactus alkaloid that 
is a hallucinogen) 


CH; 


H 
О CoHs 
O 
OH 
atropine 


(from the belladonna plant; used in dilute 
solution to dilate the pupil of the eye; also 
used in symptomatic treatment of toxic 
inhibition of acetylcholinesterase) 


Structures of some familiar alkaloids. 


tion of an amine with a haloalkane, as we will discuss later. 
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CH, 


| r 
+ 


N 
Hc \ CH3 
CH; 


tetramethylammonium iodide 
20.1 


N., " М, , N М 
Н = \ н — M Н = \ “сн; 
Н Н 
ammonia methylamine 


H —N — H bond angle = 107? 
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FIGURE 20.2 Geometry of ammonia and amines. Ammonia and the simple amines have a 
pyramidal shape. This correlates with a sp3 hybridization for the valence level 
orbitals of nitrogen (nitrogen uses the full set of four valence level orbitals in 
forming bonds to each of the three attached hydrogens and in providing a 
basic site—an unshared electron pair—on the nitrogen). We say that nitrogen 
uses three of the hybrid orbitals to form bonds to the attached atoms. The 
fourth hybrid orbital accommodates the unshared valence level electron pair. 
The bond angles of ammonia are slightly less than the theoretical value of 
109°28’. They are, however, much larger than the 90° bond angles that would 
be expected if only atomic p orbitals were used for forming the bonds. The 
decrease in bond angle from 109°28’ is sometimes considered to be a result of 
electron-electron repulsion between the unshared electron pair and the 


electrons of the hydrogen-nitrogen bonds. 


= а H x- 
Н = Мен —^ ls 
H Н = VH 
H 


Figure 20.3 The ammonium ion. 
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20.3 NOMENCLATURE 


AMINES 


The IUPAC system requires amines to be named as amino-substituted hydrocarbons. Simple 
amines also have common names that we devise by stringing together the names of the alkyl 
groups attached to nitrogen in alphabetical sequence. Several examples illustrating both the 
IUPAC and the common names are given in Figure 20.4. 

When the amine contains a benzene ring attached directly to nitrogen, it is named as a 
derivative of the parent arylamine, aniline (20.2). Several examples of arylamines are shown in 
Figure 20.5. 


NH, 


aniline 
20.2 


CH;CH,NH, CH;CH,CH,N(CH,CH3)> 


aminoethane 1-(diethylamino)propane 
(ethylamine) (diethylpropylamine) 


2-(methylamino)butane 
(sec-butylmethylamine) 


2-(dimethylamino)propane 
(dimethylisopropylamine) 


Авив 20.4 Nomenclature of simple alkylamines. The IUPAC name derives from the 
parent hydrocarbon with an amino-substituent. Common names are shown in 
parentheses below the IUPAC name. 
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PRIMARY, SECONDARY, AND TERTIARY AMINES 


Amines are classified as 1°, 2°, or 3° according to the number of alkyl (or aryl) groups attached 
to nitrogen. Amines with a single alkyl or aryl group attached to nitrogen are primary amines. 
Similarly, those with two such groups attached to nitrogen are secondary amines, and those with 
three such groups attached are tertiary amines. 


Ammonium Ions 


Substituted ammonium ions are named by adding the standard names for each attached alkyl 
group to the suffix ammonium. For aryl amines, such as derivatives of aniline, the names of any 
alkyl groups are accompanied by the suffix anilinium. Several examples are shown in Figure 20.6. 


Figure 20.5 


FIGURE 20.6 


CI 
NH, NH, N(CH3) 
ОМ ДҮ СТ 
CI 
p-nitroaniline 2,5-dichloroaniline N,N-dimethylaniline 


Nomenclature of arylamines. Compounds are named as derivatives of the 
parent arylamine, aniline. The prefix N designates a substituent located on 
the amino nitrogen. 


H 
+ 
z | 


triethylmethylammonium iodide СУ Вг 


N,N-dimethylammonium bromide 


+ 

МН; 
CT i (CH3CH2)4N* Вг” 
cyclohexylammonium chloride tetramethylammonium bromide 


Nomenclature of ammonium ions and salts. An alternative common name is 
often used to name ammonium halide salts in which at least one hydrogen is 
attached to nitrogen. The common name consists of the name of the parent 
amine followed by hydrohalide. For example, the common name for N,N- 
dimethylanilinium bromide is N, N-dimethylaniline hydrobromide. 
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Imines 


We first met imines in Chapter 19. They are usually named as derivatives of the carbonyl 
compounds from which they are commonly prepared. Their names consist of the name of the 
parent carbonyl compound followed by the term imine. Several examples are shown in 
Figure 20.7. 

The imines illustrated in Figure 20.7 are all derived from symmetrical ketones. If the imine 
is derived from an unsymmetrical ketone or an aldehyde, its stereochemistry must be specified 
in its name. The double bond of an imine is similar to that of an alkene in that there is no free 
rotation; thus, geometric isomers can exist. In naming the isomers we specify the position of the 
substituent attached to the nitrogen relative to the group of higher priority at the imine carbon. 
We refer to compounds in which the higher priority group is across from the nitrogen substituent 
as anti and those in which the higher priority group is on the same side as the nitrogen sub- 
stituent as syn. The E/Z notation system can also be used. Examples of this type of nomenclature 
are shown in Figure 20.8. 


20.4 BASICITY AND NUCLEOPHILICITY OF AMINES 


THe DEFINITION OF BASICITY 


Earlier we defined Lewis basicity in terms of the donation of a pair of electrons in a reaction. 
We also differentiated the ways in which Lewis basicity can be expressed. If a species donates 
an electron pair to form a new bond to a hydrogen, we simply say it is acting as a base. However, 


NH 
| acetone imine 
н.с” “СН; 
NH 
| 
С benzophenone imine 
МСН; 


cyclohexanone N-phenylimine 


Figure 20.7 Nomenclature of imines. 
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N^ СН; 
ll syn-2-pentanone N-phenylimine 
C [(Z)-2-pentanone N-phenylimine] 
H,C~ ~CH,CH,CH; 
N< B 
| anti-benxaldehyde imine 
“ УН [(E)-benxaldehyde imine] 


Figure 20.8 Nomenclature of unsymmetrical imines. 


if a species donates an electron pair to form a new bond to some atom other than hydrogen, we 
say it is acting as a nucleophile. We will briefly review these concepts in the context of amines. 

Generally, when we speak about the basicity of an amine, we are referring to its ability to 
form a new bond to hydrogen using its unshared valence level electron pair. In order to consider 
the relative basicities of two or more amines we need to specify a standard reaction system for 
comparison. The equilibrium established upon reaction of the amine with water is most com- 
monly used. We compare the basicities of various amines by looking at the positions of their 
equilibria in this reaction (see Figure 20.9). 

A complementary approach is to compare the acidities of the conjugate acids of the amines. 
The more acidic the conjugate acid, the weaker the amine base, as is illustrated in Figure 20.10. 

The values of К, and K, for an amine-ammonium ion pair are related as shown for water in 
Equation 20.1. It has become standard practice to report relative basicities of amines in terms of 
the pK, values of their conjugate acids. (Remember: pK, = —logK,.) Be careful not to confuse 
these pK, values of the ammonium ions with the pK, values of the amines themselves! For 
example, ammonia itself has a pK, of —35, giving up a hydrogen to generate the strong base 
amide ion (МНу ); its conjugate acid, ammonium ion, has a pK, of 7.2. The more positive the 
pK, of the conjugate acid, the more basic the base species itself. The pK, values for the conju- 
gate acids of several amines are given in Table 20.1. 


(К „)(К\) = Ky = 1014 (Eq. 20.1) 


STRUCTURAL RELATIONSHIPS OF AMINE BASICITY 


Primary, Secondary, and Tertiary Alkyl Amines If an amine is protonated, the 
alkylammonium ion that forms has a charge of 1+. From our earlier discussions, we would 
expect this positive charge to be better stabilized with increasing numbers of alkyl substituents. 
Thus we expect the conjugate acid of a tertiary amine to be intrinsically more stable than the 
conjugate acids of primary and secondary amines. Put another way, a reasonable expectation of 
the relative basicities of amines would seem to be 


МН. < ЕМН, (1?) < В.МН (2?) < RN (3°) 
least basic most basic 
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+ 
RNH, + 0 z ——- _ RNH; + НО” 


+ 
[RNH3][HO | 
Ky = 
[RNH,] 


Figure 20.9 Comparing the base strengths (basicities) of amines. The stronger the base, 
the farther the equilibrium lies to the right, and the larger the value of Kp. 


+ + 


[RNH;][H3O*] 
Ка = ——————— 


a 


+ 
[RNH;] 


Figure 20.10 Measurement of amine basicity through the acidity of the conjugate acids. 
The farther this equilibrium lies to the right the larger the K, of the 
conjugate acid of the amine, and correspondingly, the weaker is the amine. 


Indeed, proton transfer to amines in the gas phase is in accord with these predictions. 
However, we are usually concerned with reactions in solution, and as we have seen, amine 
basicities are usually compared in terms of equilibria established in aqueous solution. 
Interestingly, the order of basicities follows no simple trend under these conditions, as shown 
by the following scheme. 


МН. < СНӘСН-МН, < (CH3CH>)3N < (CH3CH2)2NH 
least basic most basic 


We met this type of phenomenon before when we compared the relative acidities of alcohols 
in the gas phase and in solution. We can infer that some type of solvation effect must be operat- 
ing to reverse the gas phase trends. The dominant effect seems to involve the conjugate acid of 
the amine, that is, the substituted ammonium ion. We find that while alkyl groups increase the 
ability of an alkylammonium ion to disperse and thus to stabilize a positive charge, they also 
diminish the ability of the ion to engage in hydrogen bonding with the water molecules. 
Diminished solvation means diminished stability. The measured basicity in solution reflects 
these opposing trends. Secondary amines are the most basic because their conjugate acids have 
the best combination of inherent stability (owing to electron pair release from the two alkyl 
groups) and degree of solvation. For a given series of amines (RNH», В›МН, R3N, with the same 
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NH) 


ОМ МО» 


Taste 20.1 Aqueous Solution Basicities of Amines as Measured by pK; of Their Conjugate 
Parent Base Structure Parent Base Name pK, of Conjugate Acid 
NH guanidine |9,5 
| 
% CL 
H,N NH, 
quinuclidine 10.6 
Q^ 
(CH3CH>)2.NH diethylamine 9.1 
(CH3);NH dimethylamine 8.8 
СН;СН,МН, ethylamine 8.7 
(CH3CH>)3N triethylamine 8.6 
CH3NH5 methylamine 8.6 
(CH3)3N trimethylamine TR 
МН; ammonia 72 
N(CH3)> N,N-dimethylaniline Dell 
NH, aniline 4.6 
SN pyridine 2 jl 
ша 
N 
NH, p-nitroaniline 1.0 
ON 
NH N-phenyl-p-nitroaniline -25 
ON 
2,4-dinitroaniline —4.5 
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alkyl group throughout), the secondary amine is usually stronger than the primary, but the 
tertiary amine is usually weaker than one or both of the others. That is: 


R-NH > В.М > RNH; 
or 
R»NH > RNH; > БМ 


An intriguing situation for this effect is seen with the basicity of quinuclidine (see Table 
20.1). Quinuclidine, a tertiary amine, is more basic than secondary and other tertiary amines. We 
can think of this characteristic deriving from the fact that the three alkyl groups about nitrogen 
in quinuclidine are rigidly tied back and can not interfere in solvation about the nitrogen, while 
with triethylamine the alkyl groups are free to rotate and have an effect on interactions at the 
nitrogen site. 


The Importance of Hybridization Other factors being equal, the basicities of amines 
and other compounds containing an unshared valence level electron pair on nitrogen correlate with 
the hybridization of the nitrogen atom. The unshared electron pair can be considered as occupying 
one of the hybrid orbitals. For each type of hybridization, there is a different fraction of p orbital 
character associated with this orbital. The greater the p character associated with the hybrid orbital, 
the higher its energy. The fractions of p character for the several types of hybrid orbitals are: sp?, 
3/4; sp?, 1/3; sp, 1/2. Thus, the predicted order of orbital energies is sp? > sp? > sp. Furthermore, 
an electron pair in a higher-energy orbital is more available (more basic) than one in a lower-energy 
orbital. Thus, compounds containing sp? hybridized nitrogen are predicted to be most basic, and 
those with sp hybridized nitrogen are predicted to be least basic. These predictions are in accord 
with the observed basicities of amines, imines, and nitriles: 


RCHNH, > RCH=NH > RC=N 


Substituent €ffects on the Basicities of Arylamines Consider aniline, 
СоН5МН.. The phenyl group attached to the amine nitrogen causes a diminished basicity in solu- 
tion. This effect is opposite to that produced by an attached alkyl group. Now, consider the 
N,N-dimethylaniline. We might expect that the methyl groups would enhance the basicity 
compared to that of aniline, and we find this to be the situation. As shown in Table 20.1, 
N,N-dimethylaniline is more basic than aniline (its conjugate base is less acidic than the 
anilinium ion). 

Substituents attached to the aromatic ring also affect the basicity of nitrogen in aniline deriv- 
atives. Again referring to Table 20.1, notice that nitro groups attached to the aromatic ring 
greatly decrease the basicity of the aniline nitrogen. Nitro groups are strong electron withdraw- 
ing groups, and remove electron density from the basic nitrogen site. If the nitro group is ortho 
or para relative to the amino group, it can exert both its resonance and its inductive effects. The 
pertinent resonance structures for p-nitroaniline are shown in Figure 20.11. 

In general, electron-withdrawing groups attached to the aromatic ring render the amino 
group less basic than otherwise. (These groups are the same ones that are deactivating toward 
electrophilic aromatic substitution.) Electron-donating groups attached to the ring render the 
amino group more basic than it is in aniline. 
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TN No 
-07 So -07 ~o- 


FIGURE 20.11 Resonance structures of p-nitroaniline. The resonance effect of the nitro 
group is to withdraw electron density from both the aromatic ring and the 
amino group nitrogen, resulting in the diminished basicity of p-nitroaniline 
in comparison to aniline itself. 


We must always be careful when we try to understand variations in the basicities or acidities 
of compounds. It is often true that many factors, including electronic effects, steric effects, and 
solvation effects, influence these properties. Often it is inappropriate to try to account for such 
differences in basicity by invoking differences in a single factor (such as electronic effects), par- 
ticularly when we are comparing compounds with significant structural differences. However, 
when comparing a series of structurally related compounds, such as p-substituted anilines, we 
are on reasonably safe ground in relating differences in basicity mainly to one factor. In this 
instance, solvation and steric factors are relatively constant for all members of the series. 


Pyridine and Pyrrole Pyridine (20.3) and pyrrole (20.4) are two nitrogen compounds that 
are aromatic but are structurally different from aniline and its derivatives. Both are less basic in 
aqueous solution than aniline. Moreover, pyrrole is significantly less basic than is pyridine. (The 
pK; values for the conjugate acids of pyridine and pyrrole are 3.1 and 0.4, respectively.) How 
can we rationalize this large difference in the basicities of the two compounds? We start by con- 
sidering the orbitals bearing the basic electron pair for each molecule. 


D Q 


N 
22 | 
N H 
pyridine pyrrole 
20.3 20.4 


In pyridine the unshared valence electron pair of nitrogen is located in an sp? hybrid orbital 
that is orthogonal to the aromatic ring. To a first approximation, there is zero interaction of this 
orbital with the л system of the aromatic ring. However, in pyrrole the electron pair on nitrogen 
is in a p orbital that is an integral part of the aromatic л system. The unshared valence level elec- 
tron pair of nitrogen constitutes a portion of the aromatic sextet of electrons, as is illustrated in 
Figure 20.12. 
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N 
pyridine—1 electron pyrrole—1 electron 
supplied by each supplied by each p 
p orbital of the orbital on carbon and 
aromatic system 2 electrons supplied by 


the p orbital on nitrogen 


Figure 20.12 Electronic structure of pyridine and pyrrole. In pyridine the unshared 
valence level electron pair on nitrogen is orthogonal to the aromatic ring. 
However, in pyrrole the nitrogen lone pair is an integral part of the aromatic 
п electron system. 


When pyridine accepts a proton, the aromatic six-7z-electron system remains intact. With 
pyrrole, however, protonation at nitrogen would lead to a conjugate acid that is not aromatic. 
Since aromatic stabilization would be lost in this conjugate acid of pyrrole, protonation of pyrrole 
is an unfavorable process (see Figure 20.13). (Pyrrole can be protonated by very strong acids— 
however, protonation occurs on one of the ring carbon atoms rather than on the nitrogen.) 


Nucleophilicity of Amines 


The presence of an unshared valence level electron pair on nitrogen gives all amines the poten- 
tial to act as nucleophiles. We find that amines participate in both nucleophilic substitution 
reactions and nucleophilic addition reactions. Although there is often a rough correlation 
between the basicities and the nucleophilicities of amines, exceptions arise if the amine is ster- 
ically congested about the nitrogen. Consider the example of cis-2,6-di-tert-butylpiperidine 
(20.5). This amine is an effective base, but it is not nucleophilic. The steric congestion near the 
nitrogen atom does not decrease the ability of the amine to bind to a small hydrogen atom. 
However, it does restrict the ability of the amine to approach more sterically hindered sites. 


С(СН;); 
МН 


C(CH3)5 


cis-2,6-di-tert-butylpiperidine 
20.5 


Molecules in which an atom with one or more unshared valence electron pairs of its own is 
bound directly to a nitrogen atom show a significant enhancement in the nucleophilicity of that 
nitrogen. Two molecules that show this effect are hydrazine (20.6) and hydroxylamine (20.7). 
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BN á BN 
| +H - > | 
^ ^L 
N + 
H 
aromatic aromatic 
N Pa Ng 
| Н Н 
aromatic not aromatic 


Figure 20.13 Comparison of protonation of the nitrogen atom of pyridine and pyrrole. 
The conjugate acid of pyrrole is not aromatic since there is no continuous 
sequence of p orbitals about the entire ring. Once the pyrrole has been 
protonated, there is no longer an available p orbital on nitrogen for the 
(previous) cyclic x system. 


While both substances are relatively weak bases in aqueous solution, both are potent nucle- 
ophiles. For example, they readily undergo nucleophilic addition reactions with aldehydes, as 
discussed previously. Their enhancement of nucleophilicity is known as the o-effect, for which 
we can look to molecular orbital considerations for an understanding. The name relates to the 
presence of an atom with unshared valence level electron pair(s) in an « position relative to the 
atom performing the nucleophilic attack. 


H,N—NH) H5N —OH 
hydrazine hydroxylamine 
20.6 20.7 


20.5 THE SYNTHESIS OF ALIPHATIC AMINES 


NUCLEOPHILIC SUBSTITUTION REACTIONS 


Consider the reaction of ammonia with a haloalkane. We know that haloalkanes are good sub- 
strates for nucleophilic attack, and we also know that ammonia can function as a nucleophile. 
The reaction between ammonia and a haloalkane thus could serve as a means of generating a 
nitrogen-carbon bond and thereby provide a route to primary amines. We understand such a 
reaction to proceed by a standard 5қ2 mechanism. 

By analogy, it would seem that secondary amines could be prepared by reaction of a primary 
amine with a haloalkane, and that tertiary amines could be prepared by alkylation of a secondary 
amine with a haloalkane. However, there are difficulties that limit the reaction to a single 
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alkylation. For example, in the reaction of a haloalkane with ammonia, the product is a primary 
amine, and like the beginning ammonia, it is a potential nucleophile. As the concentration of the 
primary amine increases, it competes more and more efficiently with the ammonia reactant for 
reaction with the remaining haloalkane substrate. If the primary amine does react, the product will 
be a secondary amine—another nucleophile that can also compete for reaction with the 
haloalkane! In fact, continuing reaction can lead all the way to a quaternary ammonium salt, as 
shown in the following scheme. 

The difficulty posed by the continuing sequence of reactions is not easily overcome. If we 
try to use only one equivalent each of ammonia and haloalkane, we are likely to produce a use- 
less mixture of all of the possible products with some ammonia left unreacted. The best solution 
for the successful synthesis of primary amines is to use a large excess of ammonia. In this way 
the available haloalkane is always more likely to encounter another molecule of ammonia than 
a molecule of the primary amine product (the initial neutral species formed). An example of a 
successful synthesis of this type is shown in Equation 20.2. 


NH; (large excess) 
CH3CH,CH,CH,CH,CH,CH,Br и 
CH30H 


1-bromoheptane 
CH3CH,CH,CH,CH,CH,CH,NH)> 


]-aminoheptane 
47% yield 


(Eq. 20.2) 


If a primary or secondary amine is of sufficiently simple structure and available for use in 
large excess, we can similarly use the reaction for the preparation of secondary or tertiary 
amines. An example is shown in Equation 20.3. In general, however, this is not a method of 
choice because most amines are too precious to waste. 


СН; 
O | О 
O CT, rN 
N-methylaniline 2-chlorocyclopentanone N-methyl-N-phenyl-2-aminocyclopentanone 
(large excess) 5096 yield 


NHCH; 


(Eq. 20.3) 


Of course the preparation of quaternary ammonium compounds from tertiary amines faces 
no complication of continuing reaction. The quaternary ammonium ion produced can not 
undergo further nucleophilic substitution because it has no unshared valence level electron pair 
on nitrogen. We can effect these quaternization reactions efficiently and in good yield, as shown 
in Equation 20.4. In this example an inorganic base (sodium bicarbonate) facilitates the early 
stages of the reaction by converting the amine hydroiodide salts to the free amines. 
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large excess 


+ 
СН;ХН; СН CH,N(CH3)3 
Ум— 
СҮ NaHCO; or r 


benzylamine benzyltrimethylammonium iodide 
7296 yield (Eq. 20.4) 


Finally, we must note that elimination is a competing side reaction in this system. In the pre- 
ceding examples we have considered ammonia or an amine acting as a nucleophile toward a 
molecule of haloalkane. However, amines and ammonia can also act as bases, and thus an elim- 
ination reaction can compete with our intended nucleophilic substitution reaction if we make a 
poor choice of reagents. For this reason we usually use this route only with primary haloalkanes 
as the substrate. Many secondary and most tertiary haloalkanes react with amines to give largely 
alkene by-product via an E2 reaction. Thus, reactions of secondary or tertiary haloalkanes with 
ammonia or amines are usually of little synthetic value. 


ALTERNATIVES TO NUCLEOPHILIC SUBSTITUTION BY AMMONIA 


The Gabriel Synthesis The Gabriel synthesis of primary amines involves a nucleophilic 
substitution reaction but is free of the major difficulty associated with direct attack by ammonia 
on a haloalkane. In the Gabriel synthesis the nucleophile is not ammonia but rather an anion 
derived from phthalimide (20.8). 


O 
NH 


O 


phthalimide 
20.8 


On treatment with a strong base, such as KOH, phthalimide gives up a proton to generate an 
anion that is a good nucleophile. Upon addition of a suitable substrate, such as a haloalkane, a 
nucleophilic substitution reaction (5х2) ensues to generate a substituted phthalimide. An exam- 
ple is shown in Equation 20.5. 


O O 
Kt 
жа O 
N- N O 
— 
Br V 
о О 
potassium phthalimide N-phenacylphthalimide 
92% yield 


a-bromoacetophenone (Eq. 20.5) 


780 ORGANIC CHEMISTRY 


The substituted phthalimide product of such a reaction is not a good nucleophile. Thus, 
further alkylation can not occur. The substituted phthalimide product can be converted into the 
target amine by various means. One method is shown in Equation 20.6. The mechanism for 
hydrolysis of this type of reaction will be described in Chapter 22. 


о-атіпоасеѓорћепопе 
80% yield 


(Eq. 20.6) 


Two other examples of the use of the Gabriel synthesis for the preparation of primary amines 
are shown in Equation 20.7 and Equation 20.8. The procedure for cleavage of the phthalimide 
portion of the intermediate as shown in Equation 20.7 uses hydrazine as the cleaving reagent. 
(Thus, this procedure is commonly referred to as hydrazinolysis.) The by-product in this 
process is the compound shown as (20.9). 


potassium NH, 
890 A H2N— NH, 
--------- 


CH3CH,0H 
benzyl bromide 79% yield benzyl amine 
95% yield 
(Eq. 20.7) 
potassium о ра 
pa риш. О HO KOH O H 
-- 
НО NH, 
3-bromo-1,2-propanediol 3-amino-1,2-propanediol 
acetonide acetonide 
25% yield 
ue 62% yield 


(Eq. 20.8) 


CHAPTER 20 + AMINES AND RELATED COMPOUNDS 781 


20.9 


Nucleophilic Substitution Reaction of Ammonia with a 
Haloalkane 


Step 1 Nucleophilic attack on the haloalkane. This reaction is a nucleophilic substitution 
reaction (Sy2). It is virtually irreversible under usual reaction conditions. 


эй 


— + 
нз“: + R—X ———-  H;N—R-«X 


Step 2 Abstraction of a proton from Ше alkylammonium ion. The free product amine is lib- 
erated at the expense of an additional equivalent of ammonia. 


+ + 
H3N —R + МН; > R— NH, + NH, 


The Reaction of Ammonia and Amines with Haloalkanes 


Step 1 Nucleophilic attack 


Ж” + 


нз“: +R —X — ——-  H;N—R-«X 


Step 2 Br@nsted acid/base reaction 


+ + 


1° amine 
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Step 3 


Step 4 


Step 5 


Step 6 


Step 7 


Nucleophilic attack 
H,RN: + R—X ------- Н,К,№ +X 


Bronsted acid/base reaction 


+ 
H5R;N + NH; ——————- КМ «АҢ, 
2? amine 


Nucleophilic attack 


+ 
HRN: + R—X ------5- НЕМ +X 


Br@nsted acid/base reaction 


+ + 
HR5N + МН; —  R4,—N-«NH,; 
3? amine 
Nucleophilic attack 
+ 


RNeR —X | о ҚАЗ 


4? ammonium salt 


The Reduction of Nitriles Cyanide ion can act as a nucleophile when challenged with 
haloalkanes.The substitution reaction, which is easily controlled, yields a nitrile. The nitrile can 
serve as a precursor in the preparation of several types of organic compounds, one of which is 
a primary amine, with minimum contamination by side-products. Starting with a haloalkane, 
RX, we can prepare a primary amine, RCH;NH,, in two steps. This process is summarized in 
Figure 20.14. Examples of the synthesis of nitriles from haloalkanes were shown earlier in our 
discussion of nucleophilic substitution reactions. Two examples of the reduction of nitriles for 
the preparation of primary amines are shown in Equation 20.9 and Equation 20.10. 


FIGURE 20.14 


NaCN 
Е—Х -------” R—CzN 
DMSO 


reduction 
ВСЕМ ———~ R—CHNH, 


Preparation of primary amines from haloalkanes. The haloalkane is first 
converted into a nitrile by a nucleophilic substitution reaction (512), after 
which the nitrile is reduced. The procedure works best with primary 
haloalkanes having minimal branching at the B-position. Several methods 


are available for the nitrile reduction step. 
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CN CH,NH) 
Н,, Pd/C 
— 
НСІ, СН;СН;ОН 
benzonitrile benzylamine 
95% yield (Eq. 20.9) 
CN CH,NH, 
НАС 1. LiAIH4/(CH3CH,),0 H3C 
— ———- 
2. aq. workup 
o-methylbenzonitrile o-methylbenzylamine 
88% yield (Eq. 20.10) 


20.6 THE SYNTHESIS OF ARYLAMINES 


A common approach for the synthesis of arylamines is by the reduction of aryl nitro compounds. 
You should recall from our discussion of electrophilic aromatic substitution reactions that the 
nitration of an aromatic ring is easily achieved. Moreover, we can control both the position of 
nitro group introduction and the number of nitro groups introduced. 

There are several common methods available for the reduction of nitro groups, each with its 
own particular utility and selectivity. While each method allows the same conversion of -NO; 
to -NH», it is important to have more than one method available. We decide which approach to 
use in any particular instance based on the compatibility of the reagent with other functional 
groups present in the molecule. 

One approach to the reduction of nitro groups involves the use of a hydride reagent in the 
presence of a Lewis acid. An example of this approach is shown in Equation 20.11. 


СН; СН; 
МаВН4 
———————À 
NiCl, 
NO, NH) 
p-nitrotoluene p-methylaniline 
95% yield (Eq. 20.11) 


We very commonly use a mildly electropositive metal (such as iron, tin, or zinc) in an 
acidic medium to reduce aromatic nitro compounds to amines. Two examples of this type of 
reduction are shown in Equation 20.12 and Equation 20.13. The procedure using iron in 
acetic acid (the Bechamp reduction) is a relatively mild method and can be used to reduce 
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a nitro group selectively in compounds containing both nitro groups and carbonyl groups. 
The reduction of both types of groups can occur with many other dissolving metal reduction 
procedures. In this context, remember that the Clemmensen reduction uses zinc metal in 
hydrochloric acid to reduce carbonyl groups. If we treated a compound containing a nitro 
group and a carbonyl group under the conditions of the Clemmensen reduction, both groups 
would be reduced. 


O NO, О NH, 
С (5 Fe, acetic acid С С 
-------> 
workup with 
base 
o-nitrobenzophenone o-aminobenzophenone 
89% yield (Eq. 20.12) 
К Sn, HCI P 
= 
workup with 
NO; base NH, 
m-fluoronitrobenzene m-fluoroaniline 
89% yield (Eq. 20.13) 


Catalytic reduction of aromatic nitro groups occurs readily under relatively mild conditions. 
An example of the formation of an aromatic amine by catalytic reduction of an aryl nitro com- 
pound is shown in Equation 20.14. This particular procedure uses a soluble hydrogenation 
catalyst, although heterogeneous catalytic systems also can be used (e.g., hydrogen gas in the 
presence of РЕО;). This particular reaction shows a selectivity in that only one nitro group is 
reduced, but this type of selectivity is difficult to predict. A problem with catalytic reduction is 
that other functional groups (carbonyl groups, carbon-carbon double and triple bonds, and 
carbon-halogen linkages) also react with hydrogen under these conditions. 


NO, NO, 
RuCl,(PPh3)3 
— 
H H3C 
3C H, 3 
NO, NH, 
2,4-dinitrotoluene 2-methyl-5-nitroaniline 
91% yield (Eq. 20.14) 


A final method for the reduction of a nitro group involves reaction of an aryl nitro compound 
with an inorganic polysulfide in the presence of a protic solvent. An example is shown in 
Equation 20.15. 
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c^. c^. 
o” 0% 
CoS, 
------>- 
НО 
NO, NH; 
(3-nitrophenyl)acetylene (3-aminophenyl)aniline 
90% yield (Eq. 20.15) 


20.7 THE USE OF IMINES IN THE SYNTHESIS 
OF AMINES 


GENERAL 


Primary amines perform nucleophilic addition reactions on aldehydes and ketones to form 
imines (Schiff’s bases) as described in the previous chapter. The reaction shown in Equation 
20.16 is an example of this type of reaction. Imines are useful compounds that play a significant 
role in biological processes and undergo synthetically useful reactions. 


N—C(CH3)3 
acid 
+ (CH3)3C — NH; —> + НО 
benzene 
t-butylamine 
cyclohexanone N-tert-butylcyclohexanone imine 
8596 yield (Eq. 20.16) 


THe REDUCTION or IMINES 


It is possible to reduce imines to amines using a variety of reagents. In these reactions the net 
effect is always the addition of one hydrogen atom to the carbon atom and one hydrogen atom 
to the nitrogen atom of the carbon-nitrogen double bond. Catalytic hydrogenation and complex 
hydride reduction are two convenient ways of achieving this reduction. Examples are shown in 
Equation 20.17 and Equation 20.18. 


p i “УМ Hj/PtO; LE з е" 


ои. 
H 
Н AA. CH3CH,0 LA. 


butyraldehyde N-butylimine dibutylamine 
65% yield 


(Eq. 20.17) 
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SOL NaBH, vata „Н 
СИС 2 
чо A 
acetone N-butylimine butylisopropylamine 
63% yield (Eq. 20.18) 


In a useful synthetic procedure known as reductive amination, we allow a carbonyl com- 
pound to react with ammonia or a primary amine in the presence of a reducing agent. Under 
these conditions the imine is initially formed but is not isolated. Instead, it is reduced to the 
observed amine product. Examples of reductive amination are shown in Equation 20.19 and 
Equation 20.20. The use of boron-containing reducing agents provides a convenient alternative 
to the use of catalytic hydrogenation. One reagent of this type is NaBH3;CN (sodium cyanoboro- 
hydride). An example of its use is given in Equation 20.21. 


CHO CH,NH, 
NH3, Н;, Ni 
— 
ethanol 
benzaldehyde benzylamine 
89% yield (Eq. 20.19) 


Н», РО; 
Усно, CH3CH,CH,CH,NH, от Я (CH35CHCH;NHCH;CH;CH;CH; 


ethanol 
. butylisobutylamine 
isobutyraldehyde ^ butylamine 92% yield 
(Eq. 20.20) 
NaBH3CN 
СН5СНО + CH3CH,NH> —— ——> СеНУСН,МНСН,СНз 
methanol 
benzaldehyde ^ ethylamine benzylethylamine 
91% yield 
(Eq. 20.21) 


If we perform the reductive amination using a carbonyl compound with a secondary amine 
in the presence of a reducing agent, the product is a tertiary amine. An example of this type of 
reaction is shown in Equation 20.22. As shown, this reaction proceeds via an intermediate 
iminium ion. 
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Special Background 


Imines in Biological Systems 


Although imines (Schiff's bases) are rather reactive species, they are not simply interesting structures 
that we can produce in the chemical laboratory. They are also important intermediates occurring in 
biological processes. For example, pyridoxal, a form of vitamin B,, forms imines upon reaction with 
enzymic amino groups in the transamination process. (Transamination is the reversible exchange of 
an amino group of an amino acid for a carbonyl function.) The imine interacts with the amino group 
of an о-апипо acid to assist in its removal and replacement by a carbonyl function. This process is 
summarized below. 


>- 


СНО L 
< он | ОН 
НО | NH, — NN 
2 Ы HO | 
protein with CH; 
pyridoxal a free amino group animine 


OH CO; 2 
HO | он Со; 
м7 HU | D 
CH; NZ 
сн; 


NH, мн, RC(0)CO; 
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Но, Ni но” 
+ CH;CH,CH,CHO ----- + 
N 


CH4CH;OH N 


| ДЕ с. 
H H 
butyraldehyde 


piperidine 


n 


N-butylpiperidine 
93% yield 
(Eq. 20.22) 


Oximes (RCH=NOH, Chapter 19) can also be reduced to primary amines. Only primary 
amines can be formed from oximes because there is only one carbon group attached to nitrogen 
in the oxime. The preparation of amines from oximes involves not only the reduction of the dou- 
ble bond, but also a cleavage of the nitrogen-oxygen bond. This bond is relatively weak and is 
easily cleaved under catalytic or hydride reaction conditions. An example of the use of an oxime 
for the synthesis of a primary amine is shown in Equation 20.23. 


СН--МОН CH,NH) 
ПАН 
N 4 Ñ 
(CH3CH3)20 
N 
\ \ 
H H 
3-indolecarboxaldehyde oxime 3-aminomethylindole 
87% yield 


(Eq. 20.23) 


THE CLARKE-ESCHWEILER SYNTHESIS 


Earlier in this chapter we encountered the problem of overalkylation in the reaction of ammonia 
and amines with haloalkanes. It is difficult to control this type of reaction so that only one or two 
alkyl groups substitute for hydrogen on nitrogen. 
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With this in mind, consider a specific synthetic objective: the conversion of a primary amine, 
КМН,, to a tertiary amine, RN(CH3);, without any accompanying overalkylation to form qua- 
ternary ammonium ion side-product. Similarly, consider the conversion of a secondary amine, 
К-АН, to a tertiary amine, R,NCHs, again without the formation of any quaternary ammonium 
side-product. In both instances we need to replace all of the hydrogens originally attached to 
nitrogen by methyl groups, but without adding an additional methyl group. We refer to this type 
of process as permethylation. The synthesis problem is summarized in Figure 20.16. 

A suitable procedure for these synthesis is the Clarke-Eschweiler synthesis. It involves the 
reaction of a primary or secondary amine with formaldehyde and formic acid. The formaldehyde 
is used in its polymeric form, (COCH»;-),, commonly known as paraformaldehyde, which, under 
the reaction conditions acts as a source of the formaldehyde molecule Н›С=О. Examples of the 
Clarke-Eschweiler synthesis are shown in Equation 20.24 and Equation 20.25. 


СН,МН, CH;N(CH3); 
HCO;H 
(CH20), 
benzylamine N,N-dimethylbenzylamine 
8046 yield (Eq. 20.24) 
OS HCO,H 
^ (CHO. — | 
ü СН; 
piperidine N-methylpiperidine 
80% yield (Eq. 20.25) 
и“ n 
R—NH,  — —-  R-—N(CH35 N R—N(CH3)3 
primary amine tertiary amine quaternary ammonium ion 
E: " 
R,NH — >> R,NCH, \ R,N(CH3), 
secondary amine tertiary amine quaternary ammonium ion 


FicuRE 20.15 A synthetic problem: permethylation of an amine without formation of a 
quaternary ammonium salt. Simple alkylation of the amine with a 
haloalkane can not give the desired result. 
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Consider a Clarke-Eschweiler synthesis with a primary amine. The amine first reacts with 
formaldehyde to form an imine. The imine is then protonated by formic acid, and the resulting 
iminium ion is reduced in situ to a secondary amine that differs from the original primary amine 
in having a methyl group in place of a hydrogen atom. The newly formed secondary amine then 
undergoes a further cycle of reaction with formaldehyde and formic acid to form a tertiary 
amine. At this point reaction stops—the tertiary amine has no hydrogen atoms bonded to nitro- 
gen and thus can not form an imine or iminium ion. 


The Clarke-Eschweiler Synthesis 
Step 1 Formation of ап imine (see Chapter 19 for the full mechanism). 


қ қ 
КЫН, + С=О ---- oo + H,O 
H H 


Step 2 Protonation of the imine. 


H О H H 
|| \. + * || 
C=N—R+H С ------ C—N—R =< C=N—R |+ C 
- 0^ NH / | / | -0° “и 
Н Н H H H 


Step 3 Reduction of the iminium ion formed in Step 2. Formate ion acts as the 
reducing agent by delivering a hydrogen atom with a pair of electrons (i.e., 
a hydride ion) to the iminium ion. 


[| M 
PoC + CONGR ——=  H34C —NRH + СО, 


Step 4 The secondary amine from Step 3 reacts further with formaldehyde to form 
a new iminium ion. 


H CH, 
N +7 
Н.С —NRH + 2 =O — НЗС UNS t H,O 
H R 


Step 5 The new iminium ion is reduced to the tertiary amine product 


Н.С mi" t C ----->- R—N + CO, 
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THe REACTIONS OF AMINES WITH Мттвоу$ ACID 
Formation of the Nitrosonium Ion 


Nitrous acid (H-O-N=O) is an unstable substance that does not survive storage. However, a 
dilute solution can be prepared by the reaction of a nitrite salt with a cold solution of a strong 
acid, usually sulfuric acid, as shown in Figure 20.16. A solution of nitrous acid prepared in this 
way survives sufficiently long for us to perform useful reactions with it. Under the reaction con- 
ditions, nitrous acid serves as a source of the nitrosonium ion (ХО”), which is the active species 
in reactions of amines with nitrous acid. 

In the following sections we will be concerned with the reactions of the nitrosonium ion with 
amines and the utility of the species thus generated for organic syntheses. 


The Diazotization of Primary Amines 


The Formation of Diazonium Ions Diazotization refers to the conversion of a primary 
amine (КМН) ог ArNH,) into the corresponding diazonium salt (RN;*X- or ArN;*X-). We gen- 
erally perform this conversion by adding the primary amine to a cold (0-5°С) solution of sodium 
nitrite in dilute sulfuric acid or hydrochloric acid. The nitrosonium ion formed from the nitrous 
acid reacts with the primary amine to form the diazonium ion in a series of acid-base type reac- 
tions. Notice that a N-nitrosamine is formed as a reaction intermediate. Had the starting amine 
been a secondary amine, reaction would have ceased at that point. However, N-nitrosamines of 
primary amines are not stable and the reaction continues as shown. 


The Nature of Diazonium Salts Most diazonium salts are highly reactive species that 
resist decomposition only in solution at reduced temperatures. The stability of alkyl diazonium 
salts is so slight that even in solution at 0°С they decompose to form nitrogen (an excellent 
leaving group) and a carbocation. The carbocation thus formed reacts further as illustrated in 
Figure 20.17. 


O-—N-—O + H580, EU O=N—OH + HSO% 
stronger stronger weaker weaker 
base acid acid base 


Figure 20.16 Equilibrium formation of nitrous acid. 


+ 
к—М=М: ——————» RHN, 


(further reactions) 


observed products 


Ғісиве 20.17 Decomposition of alkyl diazonium ions. The reaction occurs rapidly even at 
0°С as the diazonium ions are generated in aqueous acidic solution. 
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Mechanism of Reaction 


Generation of the Nitrosonium lon 


Step 1 Formation of nitrous acid. 


NaNO, + H5SO, NaHSO, - HONO 


Step 2 Protonation of nitrous acid. 


+ 
HONO + H,SO, 2 H,0—N=O + HSO, 


Step 3 Loss of water. 


+ 
H,0—N=O --иФИФ H,0+O=N* 


The Diazotization of a Primary Amine 


Overall Reaction: 
RNH, = RN,* 


Step 1 Addition of the nitrosonium ion to the amine. 


+ + 
R—NH,+N=O0 == Е МН, 
| 

N=0 


Step 2 Hydrogen transfer. The base B: can be a water molecule, a molecule of 
amine, or simply the anion accompanying the nitrosonium ion. 


+ 
R — NH R — NH + 
| +в = | ^ + BH 
N=O N —O 
intermediate 


N-nitrosamine 


Steps 3 and 4 Tautomeric equilibrium. 


R — NH ы R — NH R — NH 
| * BH x | <———> || + :B 
М--О N—O—H N —60—H 

+ 
+ 

R — NH 
| +:B =—* R—N=N—O—H+BH* 
N —0—H 

diazenol 


(unstable at low pH) 
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Step 5 Protonation. 


+ 
в-м-м-о-н+вн <” R—N=N—OH,+B: 


Step 6 Water loss. 


+ + 
R—N=>=N—-OH,  -«—— R—N=N + MO 


Replacement Reactions of Aromatic Diazonium Ions Aryl diazonium ions 
undergo a variety of reactions in which the -N5* substituent is lost as nitrogen and is replaced by 
a new substituent. Common reactions of synthetic value are summarized in Table 20.2. 

The overall deamination of an arylamine can be accomplished by diazotization followed by 
treatment with hypophosphorous acid (H3PO2). As Table 20.2 shows, this process results in the 
replacement of -№+ with -Н. Examples are shown in Equations 20.26 and Equation 20.27. In 
performing these reactions we first form the diazonium salt in aqueous solution at 0°C. Then, 
the reducing agent is added and the reaction mixture is warmed to room temperature. 


CH3 CH3 
NH2 1 NaNO,, H;SO, 
——— 
2. H3PO; 

ON ON 

2-methyl-4-nitroaniline m-nitrotoluene 
75% yield (Eq. 20.26) 
1. NaNO,, H5SO, 
— 
2. H3PO; 
NH) 
6-bromo-2,4-diethylaniline 3,5-diethylbromobenzene 

70% yield 


(Eq. 20.27) 


To replace a primary aromatic amino substituent by a halide, the procedure used depends on 
the halide to be introduced. The Sandmeyer reaction is useful for introducing a chloride, 
bromide, or cyanide (commonly noted as a pseudohalide). In the Sandmeyer reaction we again 
form the diazonium salt at 09С, and then we add the appropriate cuprous halide (or cyanide) and 
warm the reaction mixture to room temperature. Hydrochloric acid may be used to accomplish 
the diazotization when a chloride is to replace the amino substituent. Sulfuric acid is used when 
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Taste 20.2 Replacement Reactions of Aromatic Diazonium lons. 


Replacing Substituent Reagent 

hydrogen НЗРО» (deamination; reduction) 
chloride, bromide, cyanide CuX (Sandmeyer reaction) 
fluoride HBF, (Schieman reaction) 
iodide KI 

hydroxide aqueous acid 


other replacements are to be made. Examples of syntheses using the Sandmeyer reaction are 
shown in Equations 20.28-20.30. 


CHO CHO 


1. NaNO», H5S0, 


2. CuCl 


m-chlorobenzaldehyde 


m-aminobenzaldehyde 79% yield (Eq. 20.28) 


CHO CHO 


1. NaNO», Н,804 


2. СиВг 
NH, Br 


m-aminobenzaldehyde "2 


65% yield (Ед. 20.29) 
1. IDNANOSEGSOR.. H5SO, CER 
2. ~ рем 7 
СМ 
o-methylaniline o-methylbenzonitrile 
82% yield (Eq. 20.30) 


In order to prepare aryl iodides from arylamines, potassium iodide can be used instead of 
cuprous iodide. An example is shown in Equation 20.31. 
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1. NaNO», H5SO, 


_ ә» 


2. KI 


NH, 


aniline 


If we wish to replace an amino function by a 
fluorine atom, the tetrafluoroborate salt of the 
diazonium ion must be used. These tetrafluorob- 
orate salts are significantly more stable than 
other diazonium salts. They can be isolated and 
dried, while many other diazonium salts explode 
if isolated and dried. Heating the tetrafluorobo- 
rate salt (gently) results in the formation of the 
aryl fluoride. Two examples are shown in 
Equation 20.32 and Equation 20.33. 


OCH, 


1. NaNO», H5S0, 


iodobenzene 


76% yield (Ед. 20.31) 


Chemical Biography 


TRAUGOTT SANDMEYER 


b. 1854 
d. 1922 


Self-educated in chemistry 


OCH; 


— 


2. НВЕ4 
3. heat 


ОМ NH) 


3-nitro-5-methoxyaniline 


ON F 


3-fluoro-5-nitroanisole 
93% yield 


(Eq. 20.32) 


1. NaNO), H5SO, 
ә 


2. НВЕ4 
NH; 3. heat 


4-aminobiphenyl 


4-fluorobiphenyl 
9446 yield 


(Eq. 20.33) 
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Aryl diazonium salts react with hot water to form phenols (і.е., hydroxy-aromatic 
compounds). Such reactions provide us with a method for converting a -NH» group on an aro- 
matic ring to an —OH group. We first diazotize the amine in the usual manner, in dilute aqueous 
sulfuric acid. Then, upon heating (gently) the reaction mixture, nucleophilic attack by water 
occurs, displacing a nitrogen molecule. An example is shown in Equation 20.34. 


H3C B 
H4C 3 r 
у ы 1. NaNO}, H5S04 
————— Дре 
2. heat H,O H5SO, 
NH, С OH 


2-bromo-4-methylaniline 2-bromo-4-methylphenol 
92% yield 


(Eq. 20.34) 


Aromatic Syntheses Using Diazonium Replacement Reactions Ary] diazo- 
nium replacement reactions provide us with an increased versatility in the synthesis of aromatic 
compounds. These reactions can be used as alternatives to or complement the nucleophilic and 
electrophilic aromatic substitution reactions we discussed earlier. 

In syntheses using diazonium replacement reactions, the critical initial substituent is the 
nitro group. If we can introduce a nitro group at a particular position on the aromatic ring, we 
can then reduce it to a primary amino group, which we can subsequently convert to a diazo- 
nium ion and then replace with hydrogen, cyanide, hydroxyl, or halogen. Thus, an efficient 
synthesis of a molecule such as m-dibromobenzene becomes feasible. If we were to try to syn- 
thesize m-dibromobenzene using only electrophilic aromatic substitution reactions, there 
would be a major problem. We could introduce one bromine atom onto the benzene ring quite 
easily, but the second bromine atom would be placed preferentially ortho or para relative to the 
first since bromine is an ortho,para-directing group. The synthesis of m-dibromobenzene using 
diazonium salt chemistry is shown in Figure 20.18. 

Consider also the use of diazonium ion chemistry to prepare o-chlorobromobenzene, free 
of the p-isomer. The route is shown in Figure 20.19. Here we introduce the nitro group 
simply to block the p-position. After the bromination step, the nitro group is discarded by 
converting it to an amino group, diazotizing the amino group, and finally treating the diazo- 
nium salt with H43PO;. 

Clearly, the use of diazonium salts greatly expands the armory of preparative procedures we 
can use to introduce substituents into specific locations about an aromatic ring. 


Diazo Coupling Reactions One feature of all of the diazonium salt chemistry we have 
discussed thus far is the loss of nitrogen in the reactions. Diazonium salts also undergo a reac- 
tion known as coupling, in which no nitrogen is lost. In these coupling reactions diazonium 
ions serve as electrophiles that react with sufficiently activated aromatic rings, usually those 
with amino or hydroxyl substituents. Two examples are shown in Equation 20.35 and 
Equation 20.36. 
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cr 
NH, N5* 
NO; NO, 
NaNO, 
————- 
HCl 
NO, NO; 


NH, 


NH 


N 


N 


2 
NO, 
NO, 

64% yield (Eq. 20.35) 

The products of diazo coupling reactions contain a nitrogen-nitrogen double bond, are 
highly colored, and are referred to as azo compounds. Historically, they provided the founda- 
tion for the German aniline-dye industry, which helped spur the development of industrial 
organic chemistry. 

Compounds containing the azo linkage generally absorb light in the visible region of the 
electromagnetic spectrum. They therefore have a color that is complementary to the light they 
absorb. By the proper choice of substituents it is possible to produce compounds providing 
almost a continuum of colors through the visible spectrum. 

Notice that in Equation 20.35 the azo group enters the left-hand of the two aromatic rings, 


para to the amino substituent. The other ring is unaffected because it is insufficiently reactive 
toward the weakly electrophilic diazonium ion. In general, only -NH5;, -NHR, -NR;, and -OH 
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groups are sufficiently activating when attached to an aromatic ring to permit the formation of 
azo compounds by reaction with a diazonium ion. 


СІ” 
N5* 
NaNO; 
> 
На 
OH 
HO 
SO3H 
HOS | 
| | ОН 
НО 


М 

| 

М 

i NO, 
NO, 


58% yield (Eq. 20.36) 


NH, 


Furthermore, the successful performance of a diazonium coupling reaction depends on care- 
ful control of the solution pH. If the solution is highly acidic (pH « 5) or highly basic (pH » 11), 
coupling does not occur. For example, at pH « 5 phenols are unreactive. Although phenols are 
reactive in many electrophilic aromatic substitution reactions, a dizaonium ion is only weakly 
electrophilic. No reaction will occur unless the aromatic ring is highly activated, and a simple 
hydroxyl group is insufficiently activating for such coupling reactions. However, when a phenol 
is converted to a phenoxide ion (at higher pH), the aromatic ring is then sufficiently activated to 
react with the diazonium ion. (An —O- group is more activating than an -ОН group.) There is a 
caveat, however, which is discussed below. Similarly, we know that arylamines are protonated 
in acidic medium. Under acidic conditions the aromatic ring of an arylamine is deactivated and 
no reaction occurs with a diazonium ion. 
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556 _ 


“HNO, | 


Sn 
HCl 


Br 


Br Br 1. H,SO, А NaNO, 
VS ——— 


2. CuBr 
NH, 


FIGURE 20.18 Synthesis of m-dibromobenzene from benzene. The initial introduction of 
the nitro group allows electrophilic aromatic substitution with meta 
orientation. Once the nitro group is reduced, introduction of the desired 
substituent is possible via diazotization. 


ON 
CL H,SO, 
> ——»- 
BrjFe 
1. Sn/HCl 
ON Br 


2. PELLUS шаа NaNO, 


TC Hypo, о H4PO, 
СІ 


FIGURE 20.19 Synthesis of o-chlorobromobenzene. Тһе nitro group is used to block the 
para position (relative to the chlorine) while bromine substitution is 
performed. The nitro group is then removed by reduction to an amino group 
followed by diazotization and further reduction. 
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Special Background 


Alkylation of Nucleic Acids 


Nucleophilic substitution reactions in which a nitrogen atom bearing an unshared electron pair 
replaces a halide on an electrophilic carbon are common. Amines in biological systems undergo these 
reactions, as do ammonia or other amines in ordinary laboratory operations. This reaction is a type 
of alkylation (addition of an alkyl group to an electronegative atom), and the haloalkanes are known 
as alkylating agents. 

Reaction can occur between a haloalkane and an amino nitrogen that serves as a functional group 
of a nucleic acid. Such reactions can have far-reaching consequences for subsequent biological 
processes of the nucleic acid. For example, suppose a guanine residue of a nucleic acid has been alky- 
lated by an iodoalkane. Once the guanine residue has been so alkylated, its ability to participate in 
hydrogen bonding is changed (see “Hydrogen Bonding in Biological Systems” in Chapter 3). As a 
result, the normal chemical recognition of the guanine residue is changed and a misreading of the 
genetic information can result. Such alkylations of nucleic acid residues in an organism can lead to 
mutagenesis and carcinogenesis. Accordingly, haloalkanes and other alkylating agents should always 
be handled with extreme care. 


Under these conditions, amines are present as the reactive free amine and phenols are in the 
form of the highly reactive phenoxide ions. However, the diazonium ions do not exist as the free 
cations under these conditions. Instead, they add hydroxide ion to form the covalent diazenols. 
These species are no longer electrophiles and can not perform electrophilic aromatic substitu- 
tion reactions. For the coupling reaction to be successful, the diazonium species must be present 
as the free ion and the substrate in the form of the free amine or phenoxide ion. The effects of 
pH on these species are summarized in Figure 20.20. 


REACTIONS OF SECONDARY AMINES WITH NITROUS ACID 


Secondary amines react with nitrous acid to form N-nitrosamines. Earlier we noted that N- 
nitrosamines are formed as intermediates in the reaction of primary amines with nitrous acid. 
When a secondary amine reacts with nitrous acid, reaction stops at the N-nitrosamine stage 
because the N-nitrosamine formed from a secondary amine can not undergo tautomerization to 
a diazenol (why not?). 

Since N-nitrosamines are extremely weak bases, they are insoluble in dilute aqueous acid. 
They separate from solution as they are formed as yellow or orange solids or oils. An example 
of N-nitrosamine formation is shown in Equation 20.37. The N-nitrosamines are carcinogenic 
and must be handled with extreme care. 


Н.С М--О 
NHCH; ы 
NaNO; 
----- 
НСІ 
N-methylaniline N-methyl-N-nitrosoaniline 
5696 yield 


(Eq. 20.37) 
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pH <7 pH > 10 
OH o7 (0) 
-— —— <->» еіс. 
free phenol phenoxide anion 
pH <9 pH > 11 pH <4 pH>5 
OH 
| 
Pa 
NH(CH;), N(CH3); 
free diazonium ion covalent diazenol protonated amine free amine 


Figure 20.20 States of reactants in diazonium coupling reactions as the pH varies. 
A diazonium coupling reaction requires a free diazonium ion and a substrate 
that is highly reactive toward electrophilic aromatic substitution. For a 
phenol, the most reactive state is as the phenoxide ion, where extra electron 
density is donated to the aromatic ring. With an amine, the most reactive 
state is the free amine. Diazonium coupling reactions occur most readily at a 
pH of approximately 7. Even though the concentration of phenoxide ion is 
not large at that pH, it is sufficient to allow the coupling reaction to occur. 
Overall, the pH factor must be balanced to provide reasonable 
concentrations of each reactant at the same time. 


REACTIONS or TERTIARY AMINES WITH NITROUS ACID 


Tertiary alkylamines give no net reaction with nitrosonium ion. However, tertiary arylamines do 
react to form nitroso compounds. In these reactions the nitrosonium ion acts as an electrophile 
toward the highly activated aromatic ring of the arylamine. 


20.9 CLEAVAGE OF CARBON-NITROGEN BONDS 


GENERAL 


The carbon-nitrogen bond of an amine is not easily cleaved because the amino group would need 
to be displaced as an amide ion (i.e., МН”), а very poor leaving group. We can make an analogy 
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with alcohols and ethers. In earlier chapters we discussed the difficulties associated with 
removing a hydroxyl group from an alcohol. Since hydroxide ion is a relatively strong base, it is 
a very poor leaving group for either nucleophilic substitution or elimination reactions. Because 
the amide ion is an even stronger base than the hydroxide ion, it is even less likely to depart as a 
leaving group. To induce the cleavage of the carbon-nitrogen bond of an amine with the accom- 
panying loss of the amino function, we must choose conditions similar to those necessary for 
cleaving the carbon-oxygen bond of alcohols or ethers. Specifically, we must convert the amino 
nitrogen into a substituent that is a weaker base (and therefore a better leaving group). One 
method is by conversion of an -NH; group into а —N>* group, as described previously. Exhaustive 
methylation is also useful. In this type of reaction any hydrogen atoms attached to the nitrogen of 
the amino group are replaced by methyl groups through reaction with iodomethane, and one addi- 
tional methyl group is added to the nitrogen to produce a quaternary ammonium salt. The 
quaternary ammonium salt has a positive charge on nitrogen and is a good leaving group. 


THe HOFMANN DEGRADATION OF AMINES 


When heated with base, quaternary ammonium salts undergo an elimination reaction to form 
alkenes. The sequence of reactions that converts an amine to an alkene via a quaternary 
ammoniumn salt is known as the Hofmann degradation. The overall process is illustrated in 
Figure 20.21. 

The Hofmann degradation of amines is of greatest synthetic utility when only one product 
can be formed. Three examples are shown in Equations 20.38-20.40. 


excess Ag50, НО 
СН heat 


NH, 
1,3-cyclohexadiene 


3-aminocyclohexene 99% yield (Eq. 20.38) 

Recall that when haloalkanes undergo elimination reactions it is often possible for a mixture 
of alkene products to form. The major product in such reactions is the most highly substituted 
alkene (Zaitzev orientation). It is also possible for quaternary ammonium ions to undergo elim- 
ination reactions that produce mixtures of alkenes. In such reactions we find that the least highly 
substituted alkene is the major product. This preference is known as Hofmann orientation and 
is illustrated in Figure 20.22. The major product of Hofmann orientation is the thermodynami- 
cally less stable alkene. 


excess Ag 0, НО 
—> АЖ (CH3)2NCH,CH,CH,CH = CH, 
к CHI heat 
4-dimethylamino-1-pentene 
80% yield 
piperidine 


(Eq. 20.39) 
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excess 


Ag50, H20 


[(CH3),CH],CHCH,NH, —— “> [(CH3),CH],C=CH2 


сна 


2-1sopropyl-3-methyl-1-aminobutane 


Hofmann orientation can be rationalized by 
surmising that the mechanism for the elimination 
deviates from the mechanism involved in the 
usual E2 reaction. Specifically, we infer that car- 
bon-hydrogen bond breaking 1$ further 
developed in the activated complex of the rate- 
determining step than is carbon-nitrogen bond 
breaking. 


NH, 
| excess 
RC — CH, Ao са 
| CH;I 
H 
+ 
N(CH3)3 
Г Ag,O 
R,C—CH, —- 
| H,O 
H 
+ 
t усну, 
EE CH, heat 


H 


P 


НО" 


heat 


2-1sopropyl-3-methyl-1-butene 
77396 yield 
(Eq. 20.40) 


Chemical biography 


AUGUST WILHELM VON 
HOFMANN 


b. 1818 
d. 1892 


Ph.D. University of Giessen 
(Liebig) 1841 


R,C—CH, + Agl 


же К,С = СН, + N(CH3)3 + H,O 


FIGURE 20.21 The Hofmann degradation of amines. After exhaustive methylation of the 
amino nitrogen to produce a quaternary ammonium iodide salt, treatment 
with aqueous silver oxide generates the quaternary ammonium hydroxide. 


Silver iodide precipitates from t 
to the right, and is removed 
ammonium hydroxide solution, 


he reaction mixture, driving the equilibrium 
by filtration. On heating the quaternary 
an elimination reaction occurs in which the 


hydroxide ion acts as a base. The elimination is shown here as a classical E2 
reaction process; however, subtle variations in the mechanism generally 


need to be considered. 
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P ditus 


X Hofmann product 


PW г. о 


МИК + ли 


Zaitzev products 
(major when X - I) 


FIGURE 20.22 Competition of Hofmann and Zaitzev orientations for elimination. When 
the leaving group, X, is iodide ion, the Hofmann product accounts for only 
30% of the elimination product. The remainder occurs with Zaitzev 
orientation, yielding the more highly substituted alkene. However, if the 
leaving group is trimethylamine (the starting material being a quaternary 
ammonium salt), the Hofmann product predominates (89%). 


In an extreme instance, the B-hydrogen is removed completely before the leaving group 
departs. We refer to this mechanism as E1cb (elimination, unimolecular, conjugate base), and is 
shown in detail here. In the Hofmann degradation of amines, the reaction mechanism 
approaches this extreme. There is greater carbon-hydrogen bond breaking in the activated com- 
plex than there is carbon-nitrogen bond breaking. 


The (Extreme) Elcb Reaction 


Step 1 А base removes a proton to generate a carbanion. 


X X 


R;C ES + В > R,C—CH, + HB 


H 


Step 2 The leaving group departs to generate the alkene. 


CH, = R,C=CH, +x 
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The question of orientation arises when there is more than one type of hydrogen atom 
attached to the carbon adjacent to the С-Х bond. In the Elcb mechanism, or in mechanisms 
approaching Elcb, the base preferentially removes a proton from the least highly substituted 
carbon atom to generate the more stable of the possible carbanions (or carbanionlike species). 
Secondary carbanions are less stable than primary carbanions because of the destabilizing elec- 
tron donation by two alkyl groups rather than only one. An example of the selectivity of the 
Hofmann degradation of amines is given in Equation 20.41. The major alkene product is derived 
from the alkyl group with the less highly substituted B-carbon. 


CH; 
excess | 
| CH;I | + 
H CH; 


ethylpropylamine 
Аг»О 
НО 
heat 


== = Ры 


ethene propene 
9896 yield 2% yield (Eq. 20.41) 


The Cope Elimination 


The Cope elimination is another method for the cleavage of carbon-nitrogen bonds of amines. 
This approach again involves the generation of a positive charge at the nitrogen of the linkage 
to be broken, but in a decidedly different manner. In the Cope elimination we treat a tertiary 
amine with hydrogen peroxide to generate an amine oxide. An amine oxide is a zwitterion (an 
ion with two oppositely charged atoms). There is a positive charge on nitrogen and a negative 
charge on the oxygen atom directly attached to it. Triethylamine oxide (20.10) is an example of 
such an amine oxide. 


T 
(CH43CH34N — O^ 


20.10 
triethylamine oxide 


On heating, an amine oxide undergoes an intramolecular proton abstraction reaction with 
cleavage of the carbon-nitrogen bond. The synthesis of methylenecyclopentane via an amine 
oxide is provided here as an illustration of the mechanism. 

Notice that the base that removes the B-hydrogen in the Cope elimination is the negatively 
charged oxygen atom of the amine oxide group. For this intramolecular concerted reaction to 
occur efficiently, the B-hydrogen must be accessible to the amine oxide oxygen atom. It has been 
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The Cope Elimination 


Step 1 Oxidation of the tertriary amine. 


H H 
НО, | 
> 
m н.о ar ee 
АА 


ZN 
H H H H 


Step 2 Concerted intramolecular elimination. 


у heat 
я „„МСнз) E CH, + HO —N(CH3), 
/\> 


dimethylhydroxylamine 
methylenecyclohexane 
61% yield 


demonstrated that elimination is syn—the eliminated groups are lost from the same face of the 
developing double bond. Figure 20.23 depicts the stereochemical nature of the elimination. Two 
additional examples of the Cope elimination are provided in Equation 20.42 and Equation 20.43. 


N(CH3); 


1. H505, H50 
--------> 
2. heat 


N,N-dimethylcycloheptylamine cycloheptene 
92% yield (Eq. 20.42) 


г» 


М 
1. НО», Н2О 


— H5C = CHCH,CH,CH,CH,N(CH3)OH 
2. heat 


N-methylhomopiperidine N-6-(1-hexenyl)-N-methylhydroxylamine 
53% yield 
(Eq. 20.43) 
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(8 
a b AVLA | | ы. 
N P / 
c d b d a За % 
+ 5 а Pi 
ра d 
we 
FIGURE 20.23 Stereochemistry of the Cope elimination. The eliminating groups must 
adopt a syn-periplanar relationship so that concerted intramolecular 


reaction сап occur. This relationship is achieved in the eclipsed 
conformation. 


Chemical Biography 


If there are more than one type of B-hydrogen 


de : зіл ARTHUR C. COPE 
position that can participate in the elimination —— 


reaction, the product distribution is generally the b. 1909 
statistically expected one. That is, the greater the d. 1966 | 
number of B-hydrogens of a particular type avail- Ph.D. University of Wisconsin 


able, the greater the amount of product that DIU 


results from the removal of one of them. 


AN EXCURSION INTO ALKENE SYNTHESES USING ANALOGUES 
OF THE Cope ELIMINATION 


The Cope elimination and the Hofmann degradation of amines are useful reactions for the cleav- 
age of carbon-nitrogen bonds of amines and the formation of alkenes. Often, as in the Wilstatter 
synthesis of cycloóctatetraene, it is advantageous to convert a haloalkane to an amine before per- 
forming an elimination reaction to synthesize an alkene. However, there are at times difficulties 
with these elimination reactions. Alternative, but analogous, methods for the synthesis of 
alkenes from haloalkanes have been devised to complement the Cope elimination. We will con- 
sider two of these methods here. 

We can consider sulfoxides and selenoxides to be analogues of amine oxides. Sulfoxides and 
selenoxides bear an oxygen atom with a formal negative charge in much the same manner as do 
amine oxides. Moreover, these compounds are readily available from haloalkanes, as are the 
amine oxides, and they also undergo a facile syn elimination process. Two alkene syntheses pro- 
ceeding through selenoxide intermediates are shown in Equation 20.44 and Equation 20.45. 
Both of these examples involve selenoxide intermediates that decompose readily, even under the 
mild conditions of their formation. The hydrogen peroxide generates the selenoxide intermedi- 
ate, just as it generates amine oxides. However, even at room temperature the selenoxide 
undergoes the syn elimination. 
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СоН;5$еМа 
Срб — CH; — CH; Вг —— — ——* CH2, — СН›—СН›—5$е— Сен 
ethanol 
1-bromododecane 
НО», THF 
C49H5, = СН, == CH; — Se — СН; SSS СъоН21 — СН = СН, 
20°С, 20 hr. 
1-dodecene 
77% yield (overall) 
(Eq. 20.44) 


СН;Вг FON СН;5еС6Н5 
СҮ "aded ^ 


bromomethylcyclohexane 


^ CHjSeC Hs — НО, THF CY 
м— 


20°С, 9.5 hr. 
methylenecyclohexane 


92% yield (overall) (Eq. 20.45) 


A variation on this procedure involves reaction of a suitable sulfoxide with base and a 
haloalklane (see Figure 20.24). An example of the use of this process for the synthesis of an 


Syn Elimination of Selenoxides 


Step 1 Oxidation of the organoselenium compound. 
RHC— CH, H505 RHC—CH 
| | =- 2 
Н SeC;Hs H бе СН 
/+ 
“О 
Step 2 Concerted elimination reaction. 


S — ——»-  RCH-CH,:-«H-0- SeC4Hs 


Н  SeC4Hs 
t /+ 
70 
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alkene is shown in Equation 20.46. The entire reaction scheme of Equation 20.46 is a one-pot 
synthesis. That is, it is performed without isolation of any intermediates. The base used to gen- 
erate the anion from benzyl phenyl sulfoxide is lithium cyclohexyl isopropyl amide, a strong, 
non-nucleophilic base. Notice that Ше о-ћудгогеп atoms of sulfoxides are rather like those of 
aldehydes and ketones in that they are somewhat acidic and can be removed as protons by suit- 
able bases. (Consider also their similarity to triphenylalkylphosphonium salts.) 


О P О 


| | 
+S Li* tS 
сн; 7 ^CH;C4Hs СН” Уснсфнь 


benzyl phenyl sulfoxide 


CH5Br 


geranyl bromide 
o- 


tS 
сены” “СНС;Н; 


(E, Z)-4,8-dimethyl-1-phenyl-1,3,7-nonatriene 
87% yield 
(Eq. 20.46) 


20.10 STRUCTURAL ELUCIDATION OF AMINES 


INFRARED SPECTRA 


Primary and secondary amines exhibit characteristic nitrogen-hydrogen stretching bands in the 
3300-3500 сіп”! region of the infra-red spectrum. We can at times differentiate primary from 
secondary amines by their absorptions in this region since primary amines, in general, exhibit 
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base 


ij 
+ ------ +5 
Pr d CHR A: 


H—O—S—Ar 


Ы heat 


N 
$ 54-- + 
| ecu Си | Ar’ "CHR 


Figure 20.24 Use of a sulfoxide for the synthesis of an alkene. The boxed portions of each 
of the reagents are combined in the alkene product. The alkylation of the 
sulfoxide proceeds most favorably with primary haloalkanes (typical of 5,2 
reactions). The thermolysis of the sulfoxide proceeds with syn elimination as 
do the previously discussed reactions. 


two bands (symmetric and asymmetric stretching of the nitrogen-hydrogen bonds, as shown in 
Figure 20.25), while secondary amines exhibit only a single absorption band. 

Tertiary amines have no nitrogen-hydrogen bonds and thus exhibit no absorptions in the 
3300—3500 ста“! region. You should suspect that any basic organic compounds exhibiting no IR 
absorption in this region is a tertiary amine. 


1H NMR Spectra 


The 'H NMR spectra of amines exhibit characteristic signals for the H-C-N hydrogens near 2.7 6. 
The position of the absorption for the amino hydrogens themselves varies because of different 
degrees of hydrogen bonding. (We have noted a similar effect with the hydroxyl hydrogens of 
alcohols.) Furthermore, rapid exchange of the amino hydrogens occurs in the presence of trace 
amounts of acidic substances. This exchange removes any coupling that might otherwise have been 
present. For example, in the spectrum of diethylamine we see only the ordinary signals (triplet + 
quartet) for the two equivalent ethyl groups and a singlet for the hydrogen attached to nitrogen. We 
see no coupling between the amino hydrogen and the methylene hydrogens because rapid 
exchange removes coupling that otherwise might be expected. 


Chemical Methods 


Since amines are basic, we can titrate them with standardized acid solutions to determine their 
equivalent weights. If we also know the molecular weight of the amine (e.g., by mass spec- 
trometry—see Chapter 25) we can deduce the number of amino groups present. 
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R R 
| | 
А Фар 
symmetric asymmetric 


FicuRE 20.25 Symmetric and asymmetric stretching of RNH;. Primary amines exhibit two 
nitrogen-hydrogen stretching bands in the 3300-3500 ст“! region of the 
infra-red spectrum These two bands are associated with the symmetric and 
asymmetric stretchings of the two nitrogen-hydrogen bonds. 


NH, NH, 


20.11 20.12 


Figure 20.26 Possible structures for amphetamine based on preliminary evidence. 


We sometimes find it useful to employ the Hofmann exhaustive methylation and elimination 
procedure to assist in the structural determination of complex amines. Working back from the 
observed products, we can determine the structure of the starting amine. 

For example, consider an application of this approach to determining the structure of 
amphetamine, a central nervous system stimulant. Amphetamine is an optically active substance 
of formula C9H,;3N. It exhibits two IR peaks in the region 3300-3500 ст“! and produces benzoic 
acid on oxidation with hot, aqueous potassium permanganate. 

The evidence presented thus far suggests that amphetamine is a chiral primary amine that is 
also a monosubstituted benzene derivative. The two structures shown in Figure 20.26 fit these 
experimental observations. 

When we perform the exhaustive methylation followed by the Hofmann elimination, the 
product is 3-phenyl-1-propene. This product can arise only from structure 20.11. The alternative 
structure, 20.12, would produce 2-phenyl-1-propene in this reaction sequence. 


Special Background 


Amphetamine 
NH, 


Amphetamines, as a group, are amines related to o-benzylethylamine (2-amino-1-phenylpropane). 
The simplest amphetamine, structurally, is 2-amino-1-phenylpropane itself, which is known com- 
mercially as amphetamine. Unfortunately, amphetamines have been widely abused as illegal drugs 
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because they act as stimulants. Their legitimate uses include the treatment of narcolepsy (a sleep 
disorder) and hyperactivity in children. 

In fact, amphetamine does not exist as a single compound but as two enantiomers. Being chiral, 
the two enantiomers interact differently with enzymes and thus differ in their physiological effects. 
The (+) enantiomer is more potent in its biological effect than is the (—) enantiomer. The pure (+) 
enantiomer has the trade name dexedrine, while the racemic mixture is known as benzedrine. 

A structurally related amphetamine is methadrine, shown below. Methadrine is a heavile abused 
drug commonly known as “speed.” 


NHCH, 


* Amines are organic bases, significantly weaker in strength than hydroxide or alkoxide 
bases, but nonetheless sufficiently basic to serve as proton acceptors in a variety of 
reactions. 


¢ The base strength of a particular amine depends on the availability of an electron pair for 
donation, solvent stabilization of the protonated amine, and on steric interference with its 
approach to an acidic site. 


¢ Amines, like ammonia, can also serve as nucleophiles in both substitution and addition 
reactions. 


¢ In these substitution reactions, more highly substituted amines or quaternary ammonium 
salts are formed. 


* Nucleophilic addition reactions of amines, particularly with carbonyl compounds, provide 
us with a host of useful synthetic techniques. 


* Primary alkyl and aromatic amines undergo reaction with nitrosonium ion to generate 
alkyl (or aryl) diazonium ions. These species are highly reactive and undergo a variety of 
subsequent reactions. 


¢ Alkyl diazonium ions rapidly break apart to form nitrogen and carbocations. The organic 
products of diazotization of primary alkylamines are those of carbocation reactions. 


* Aromatic diazonium ions are significantly more stable than are alkyl diazonium ions. 
Thus, we are able to use them in a variety of synthetic procedures. These procedures com- 
plement and supplement the previously discussed electrophilic aromatic substitution 
reactions for organic syntheses. 


+ It is difficult to cleave the carbon-nitrogen bond of an amine. To facilitate its cleavage we 
must first render the nitrogen positively charged; it can then leave as part of a neutral 
species rather than as a negatively charged species. The Hofmann degradation and the 
Cope elimination are two viable approaches for cleaving carbon-nitrogen bonds of amines 
through derivatives of the amines. 
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Terms to Remember 


amine iminium ion azo compounds 
ammonium ion permethylation Hofmann degradation 
nucleophilic addition reactions Clarke-Eschweiler synthesis | Hofmann orientation 
а-е ест nitrosonium ion Elcb 

Gabriel synthesis diazotization Cope elimination 
hydrazinolysis diazonium salt amine oxide 
Bechamp reduction Sandmeyer reaction 

reductive amination phenols 


Reactions of Synthetic Utility 


140. RX + КОН — ВМ 


overalkylation occurs 


+ 
141. RX + NH; > RN y- 
aq. acid or 
142. ВХ + potassium phthalimide --” —————> КУН, 
aq. acid or 
H,N—NH), 


reducing agent 
143. RCN — > КСН,ХН, 


reducing agents: LiAIH4; H5, Pd/C 


NaBH,/NiCl, 
144. АМО | ———— — — > АМН, 


electropositive metal 


145. ArNO 
s acid ANH, 
reagents: Fe/acetic acid; Sn/HCI 
H5, RuCL/P (С6Н5)з 
146. ArNO) м— ArNH, 
acid 
H,O 
147. АСКО, — —— АМН) 
CoS, 
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148. RN=CR'; 


149. 


150. 


151. 


152. 


153. 


154. 


155. 


156. 


157. 


158. 


reducing agent 


— > | RNH—CHR 


reducing agents: NaBH4; H5/PtO; 


reductive amination 


R,NH+R'CHO  —— — — — — RNCHR' 


reducing reagents: Н-/Хі; H2/PtO,; NaBH3CN 


ПАША 
R,C=NOH > КҜ,СНМН, 
1. H5C =O 
RNH) RNHCH3 
2. HCO;H 
1. NaNO, 2. НРО; 
ArNH, э» —— АН 
H5SO, 
1. NaNO, 2. CuX 
ArNH;, |————- ----” ArX 
H5SO, 
Х--СІ, Br, CN 
1. NaNO, 2. KI 
ArNH, |———- ----- А 
H5SO, 
1. NaNO, 2. HBF4 
АгМН -----”- > АЕ 
Н,804 3. heat 
1. NaNO, 2. НО 
ArNH; | ————- ----” Агон 
H5SO, 
1. NaNO, 2. Ar'X 
АТЫН) | ————— ---- Аг —N-—N-Ar'X 
H5SO, 
X —-OH, -NR; 
NaNO), H2SO 
вуми №0280 рм мо 
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159. -+ 
N(CH3)3 
| | Ag50, heat % 
L— ДЕН c e yl C—C 
| | 
H 
160. N(CH3) 
| НО», НО, heat М f 
ее = C=C 
| | ы 
161. бесұнН; 
H50 
[i (ен Ecc NN 2 C=C 
| | \ 


Problem 20.1 


Tell which of the structures given in Figure 20.1, Figure 20.4, and Figure 20.5 are 
secondary amines and which are tertiary amines. 


(answer) 


Problem 20.2 

Draw the structures for each of the following compounds: 
a) 3-aminopentane 

b) 4-dimethylamino-3-methylheptane 

с) 2-ethylamino-3-pentanol 


(answer) 


Problem 20.3 


Provide systematic names for each of the following compounds: 


a) 
(мен СН.) 
b 
NHCH, 
с) NHCH; CH; 


Cl 


(answer) 


Problem 20.4 


Provide structures for each of the following named compounds: 


a) benzylethylammonium chloride 
b) p-nitroanilinium iodide 
с) syn-2-methyl-3-hexanone N-methylimine 


d) anti-3-chlorobenzladehyde N-phenylimine 


(answer) 


Problem 20.5 


Provide systematic names for each of the following compounds: 
a) N^ CH; 
| 

H 


CH, 


b) 
^ Br 
Ы 


с) 
OAL, 
| 
d) + 
NH(CH,); 
Cr 


Br 


(answer) 


Problem 20.6 
Verify that Equation 20.1 is a valid relationship of Ka and Къ. 


(answer) 


Problem 20.7 
Two primary amine hydrochlorides A and B (general formula RNH3CI) have as their 
respective pK, values in water 8.5 and 9.3. Which has the stronger conjugate base 


(RNH2)? What is the pK» value for each of the conjugate bases (RNH2)? 


(answer) 


Problem 20.8 


Arrange the following derivatives of aniline in increasing order of basicity in aqueous 
solution. Assume solvation effects to be roughly the same for the entire series of 
molecules. 


NH, NH, NH, NHCH; NH, 
CH; CH; | ` 
CN CN 


(answer) 


C(O)CH ; 


Problem 20.9 


Explain why the compound shown on the left below is nucleophilic while that shown on 
the right is not. 
O 


(answer) 


Problem 20.10 
A student plans to convert 3,4-dimethylbromobenzene to 3,4-dimethylaniline via the 


Gabriel pathway. However, he is disappointed to find that his synthesis does not work. 
Can you suggest a reason why it didn't work? 


(answer) 


Problem 20.11 


Show the Gabriel approach for the synthesis of each of the following primary amines: 


a) ]-amino-2-methylpropane 
b) p-nitrobenzylamine 
с) 3-cyclohexyl-1-aminopropane 


(answer) 


Problem 20.12 


Describe how you would synthesize each of the following compounds starting with 1- 
bromobutane. 


a) ]-aminebutane 


b) ]-aminopentane 


(answer) 


Problem 20.13 


Describe how you would synthesize each of the following compounds starting with either 
benzene or toluene. 


a) 4-bromoaniline 
b) 3-bromoaniline 
с) benzylamine 


d) 2,5-dimethylaniline 


(answer) 


Problem 20.14 


Consider the mechanism of the Clarke-Eschweiler synthesis. An oxidation-reduction 
occurs in this reaction. What species is oxidized? 


(answer) 


Problem 20.15 


Rationalize the fact that no quaternary ammonium salt forms in the Clarke-Eschweiler 
synthesis. 


(answer) 


Problem 20.16 


Draw a Lewis structure for the nitrosonium ion such that both atoms have complete 
valence level octets of electrons. 


(answer) 


Problem 20.17 


Draw a pair of resonance-contributing (non-Keküle) Lewis structures for the benzene 
diazonium ion, СНМ", 


(answer) 


Problem 20.18 


When butylamine reacts with sodium nitrite in dilute hydrochloric acid a mixture of the 
following compounds is formed: 


] -butanol 
2-butanol 
1-chlorobutane 
2-chlorobutane 
(E)-2-butene 
1-butene 
(Z)-2-butene 


Suggest a mechanism for the formation of each of these products. 


(answer) 


Problem 20.19 


Suggest a mechanism for the overall reaction shown below: 


OH э NaNO,, H,O 


(Hause HCIO, 


NH, С(СН,); 


(answer) 


Problem 20.20 


Give the reagents and conditions required for each of the following preparations: 


a) 44odotoluene from 4-methylaniline 
b) 4-fluorotoluene from 4-methylaniline 
с) 4-bromotoluene from p-nitrotoluene 


(answer) 


Problem 20.21 


N,N-Dimethylaniline reacts under diazotization conditions to give a green product. 
Suggest a structure for this product, the formula for which is СН ХО. 


(answer) 


Problem 20.22 


Predict the product obtained by the reaction of benzene diazonium chloride with the 
compound shown below. 


Seu 


(answer) 


Problem 20.23 


Propose a mechanism for the formation of the green compound discussed in Problem 
20.21. 


(answer) 


Problem 20.24 
The hydroxyl group is a poor leaving group. Upon protonation, however, it is changed to 


a good leaving group. Why could we not use protonation rather than methylation to 
convert an amino group to a good leaving group for an elimination reaction? 


(answer) 


Problem 20.25 


For each of the synthetic conversions shown in Equations 20.38-20.40, provide the 
structures for all of the intermediate compounds produced in the reaction sequences. 


(answer) 


Problem 20.26 


In the Hofmann degradation of amines we use iodomethane to generate a quaternary 
ammonium salt. What is the advantage of iodomethane over iodoethane? 


(answer) 


Problem 20.27 


In the famous synthesis of cycloóctatetraene by Richard Wilstatter with E. Waser and M. 
Heidelberger, the Hofmann degradation of amines was used three times. The last step of 
the synthesis is shown below. 


1 
(CH4)4N 
да Ag, O, Н,О 
> 
heat 
2 Br 
+ N(CH3)3 


~8% yield 


The yield in this reaction is rather low (~8%). Rationalize why this reaction might still be 
more efficient than the direct dehydrohalogenation of the dibromide structure shown 
below, which is also an intermediate in the overall synthesis. 


Br 


Br 


(answer) 


Problem 20.28 


Use stereochemical drawings to show why the intramolecular Cope elimination of N- 
methylpiperidine-N-oxide (shown below) does not occur. 


(answer) 


Problem 20.29 


Suppose you wish to convert 2,3-dimethyl-3-aminopentane to 2,4-dimethyl-2-pentene 
using a Cope elimination. It is first necessary to prepare the tertiary amine by substituting 
two methyl groups for hydrogens on the amino function. How would you accomplish this 
initial conversion without the formation of a significant amount of quaternary ammonium 
salt? 


(answer) 


Problem 20.30 


Consider the Cope elimination applied to (2R,3R)-3-dimethylamino-4,4-dimethyl-2- 
phenylpentane. Give the structure of the expected product, keeping in mind the concerted 
nature of the reaction. Is this product different from that expected from the (25,35)- or 
(2R,3S)-isomers? Explain. 


(answer) 


Problem 20.31 
Suggest structures that produce each of the following sets of data: 


a) an amine of formula СН i1N that exhibits no IR absorption in the region 3300- 
3500 cm! 


b) all amines of formula С4Ни М that exhibit two IR peaks in the region 3300-3500 
-1 
cm 


c) an amine of formula C,H,,N that exhibits a ЇН NMR spectrum consisting of two 
singlets 


d) an amine of formula C,H 4N that exhibits а ^C NMR spectrum consisting of four 
signals 


e) an amine of formula СЫН 15Х that exhibits a single IR peak in the region 3300- 


3500 cnr! and a‘'H NMR spectrum as follows: 0.4 6, broad, relative area 1; 1.0 6, 
doublet, relative area 12; 2.8 5, septet, relative area 2 


(answer) 


Problem 20.32 


On comparing the PC ММК spectra of methanol and methylamine we find that one 
compound exhibits a signal at 26.9 ppm downfield from TMS while the other exhibits a 
signal at 48.0 ppm downfield from TMS. Which compound produces which signal? 
Explain your answer. 


(answer) 


Problem 20.33 


Cadaverine, a basic compound responsible for the odor of decaying flesh, has a molecular 
weight of 102 g/mole. Moreover, it exhibits two bands in the IR spectrum in the region 
3300-3500 cm”. In titration of cadaverine with a standardized acid solution, a 0.51 g 
sample of the amine requires 50.0 mL of a 0.2 M solution of hydrochloric acid to be 
exactly neutralized. Suggest a structure for cadaverine, given that its ^C NMR spectrum 
consists of three peaks. 


(answer) 


Problem 20.34 
The active compound in the venom of the red fire ant has the formula C17H35N. When it 


is treated with an excess of iodomethane and the product warmed with silver oxide and 
water, we obtain a mixture of the following products: 


N(CH 3) 
H, C=CHCH , CH, CH,CHCH, (CH 3) CH3 
N(CH 3) 
CH; hats CH, СНСНСН, (CH  ), CH; 
m 3)2 
CH; CHCH, CH, CH;CH-CHCH (CH, ); СН; 
Suggest a structure for the active compound. 


(answer) 


Problem 20.35 


Draw structures for each of the following compounds: 


a) 
b) 
с) 
4) 
е) 
f) 
9) 
h) 
i) 
2) 
К) 
ђ 
m) 


n) 


dibenzylamine 

tert-butylamine 

N,N-dimethylaniline 
N-nitroso-N-methylaniline 
trimethylammonium chloride 
meso-2,3-diaminobutane 
cyclobutyltrimethylammonium iodide 
N-methyl-2-(1-cyclohexylpropyl)amine 
benzenediazonium chloride 
triisobutylamine 

methylbutylamine 
2-(2-methylbutyl)amine 
acetophenone N-methylimine 


cyclohexanone N-benzylimine 


(answer) 


Problem 20.36 


From each pair of compounds, choose the one that has the indicated characteristic (do not 
use tables of data). Explain your choice. 


a) higher boiling temperature: 1-propylamine or ethylmethylamine 
b) more basic: 4-nitroaniline or 4-methoxyaniline 
с) more basic: pyridine or piperidine (shown below) 
%; 
а) more basic: pyridine or pyrrole 
e) forms enamines with ketones: 1-propylamine or ethylmethylamine 
f) forms an N-nitrosamine on treatment with nitrous acid: 4-ethylaniline or N- 
ethylaniline 
g) undergoes a diazo coupling reaction with benzenediazonium ion: phenol or 
chlorobenzene 
h) can not be prepared by reduction of a nitrile: 1-propylamine or ethylmethylamine 
1) fails to react with iodomethane to give a quaternary salt: pyrrole or pyrrolidine 


(shown below) 


O 


(answer) 


Problem 20.37 


Many amines are shipped by chemical suppliers in the form of their hydrochloride salts. 
Describe the laboratory operations you would perform to transform the hydrochloride salt 
to the free amine. 


(answer) 


Problem 20.38 


Describe the laboratory operations you would need to perform to separate a mixture of 
aniline and nitrobenzene, other than a direct distillation. 


(answer) 


Problem 20.39 


Give the organic product in each of the following reactions: 


a) 3,5-dichloronitrobenzene treated with Zn/HCl 

b) isopropylamine treated with an excess of iodomethane 

с) aniline treated with hydrogen chloride 

d) N,N-dimethyl-1 -amino-4-pentene N-oxide upon heating 

e) 2,3-butanedione treated with 1,2-diaminobenzene (product has the formula 
СоНю№) 


(апз\ег) 


Problem 20.40 


Give the products you would obtain by treating 4-methoxybenzenediazonium sulfate with 
each of the following: 


a) cuprous chloride 

b) hypophosphorous acid 

с) HBF,, followed by heating 
d) p-cresol 


(answer) 


Problem 20.41 


Suggest how to accomplish each of the following conversions. More than one step may 
be required in each. 


a) benzene to aniline 

b) aniline to benzylamine 

с) benzene to 1,3,5-tribromobenzene 

d) 2-propanol to isopropylamine 

e) 2-nitroaniline to o-nitrobenzonitrile 

f) aniline to p-dimethylaminoazobenzene 
g) 1-pentanol to 1-pentylamine 


h) acetophenone to PhC(O)CHNH, 

1) toluene to 3-bromo-4-methylaniline 

j toluene to 2,6-dibromo-4-methylaniline 

k) N,N-diethylaniline to 4-nitroso-N,N-diethylaniline 
1) benzene to p-bromobenzonitrile 


(answer) 


Problem 20.42 


In very dilute solution, 1-(3-bromopropyl)dimethylamine undergoes an intramolecular 
reaction to form a crystalline salt of formula С5Н!›МВг. What is the structure of this 
product? Explain how it forms. 


(answer) 


Problem 20.43 
Deduce the structure of a compound of formula C3H лом that is obtained by treating 1,3- 
dibromopropane with potassium phthalimide, followed by treatment with hydrazine and 


water. 


(answer) 


Problem 20.44 


When cyclopentylcarbinylamine (structure shown below) is treated with sodium nitrite in 
cold dilute sulfuric acid there is formed in 76% yield a product of formula СН 1О that 
does not contain a five-membered ring. Suggest a structure for this product and a 
mechanism for its formation. 


NH, 


(answer) 


Problem 20.45 


A ketone shows no evidence of containing carbon-carbon double bonds. Its 'H NMR 
spectrum shows no indication of methyl groups being present. On treatment with 
ammonia in the presence of hydrogen and nickel, the ketone is converted to an amine. A 
sample of the amine weighing 0.28 g is neutralized by 28.3 mL of 0.100 M hydrochloric 
acid solution. Suggest a structure for the ketone. 


(answer) 


Problem 20.46 


Compound А, of formula C7H7Cl, reacts with excess ammonia to produce В. A sample of 
B weighing 0.45 g is exactly titrated with 42.0 mL of 0.100 M hydrochloric acid. 
Treatment of B with hot, aqueous alkaline potassium permanganate solution yields C 
upon workup with aqueous acid. Compound C exhibits a broad IR absorption between 
2500 and 3400 спт!. A sample of С weighing 0.14 g is exactly titrated by 11.5 mL of 
0.100 M aqueous NaOH. Suggest structures for compounds A-C. 


(answer) 


Problem 20.47 


When 0.61 g of an amine is treated with nitrous acid, it evolves 187 mL of nitrogen gas, 
measured at STP. An alcohol isolated from the reaction mixture is found to give a 
positive iodoform test. Suggest a structure for the amine. 


(answer) 


Problem 20.48 


Hydrolysis of piperine (an alkaloid responsible for the sharp taste of pepper) yields an 
amine D of formula СН; №. The IR spectrum of D, in addition to exhibiting only alkyl 
C-H absorption, exhibits a single sharp peak at ~3510 ст“, and its Н NMR spectrum 
exhibits two broad multiples, one centered at 1.6 5 corresponding to 5 H, and one 
centered at 2.8 6 corresponding to 4 Н. When D is allowed to react with excess 
iodomethane, a quaternary salt is formed. Heating this salt with silver oxide/water yields 
Е, of formula C;H;5N. Compound Е is also converted into a quaternary salt on treatment 
with excess iodomethane. Heating this quaternary salt with silver oxide/water yields F, of 
formula СНз, whose IR spectrum exhibits absorptions at 3050, 2900, and 1600 ст. The 
'H NMR spectrum of F exhibits a broad complex multiplet centered at 5.8 8 
corresponding to 2 H, a triplet at 2.8 б corresponding to 2 H, and a multiplet centered at 

5 б integrating for 4 H. Further, the "C NMR spectrum of Е exhibits three signals at 
25.9, 27.8, and 47.9 ppm downfield from TMS. Suggest structures for the compounds D- 
F. 


(answer) 


Problem 20.49 


Suggest structures for compounds G-K. 
NH, 
cyclopentanone ----- с 
H,/PtO 
2292 — (CHiN) 


nitrous acid 


H (plus other products) 
(С<Н;) 


1,3-butadiene 


cold, aq. basic KMn О, 
Е 


І 
(C9H4) 
acetone | acid 
Y 
K 
(Сі; НО») 


(а tricyclic compound) 


(answer) 


Problem 20.50 
Suggest structures for compounds L-P. 


hot aq. NaOH СгОз/Н, SO, 
М —————- 


L М— 
(СУН ОКС) (C;H5O4N) (C;H5O4N) 
Sn/HCl 
Y 
CHI 
" excess CH, 0 


(CJH4NO,) 
(СюоН 4 КО») 


ІҢ NMR: 3.4 6, ӘН, singlet 
8.0 6, 4H, AA'BB' 
12.0 6, ІН, singlet 


(answer) 


Problem 20.51 
When (158,25)-1,2-diphenyl-2-aminoethanol is treated with excess iodomethane and the 


resulting quaternary ammonium salt is heated with silver oxide and water, the compound 
shown below is formed. Suggest a mechanism for the formation of this compound. 


O 
H^ 
H; Сб Сен 


(answer) 


Problem 20.52 


A primary amine was subjected to exhaustive methylation. The resulting quaternary 
ammonium salt was heated with silver oxide/water to give trimethylamine and an alkene. 
Ozonolysis and workup of the alkene yielded acetone as the only organic product. 
Suggest a structure for the amine. 


(answer) 


Problem 20.53 


The acid/base indicator methyl orange is an azo dye of the structure shown below. 
Suggest a route by which it could be synthesized using an azo coupling reaction. 


нов )—N=N—{) Nec), 


The use of methyl orange as an acid/base indicator depends on there being different 
colors for the parent compound and its protonated form. On which nitrogen do you 
expect protonation to occur? (Consider which site for protonation would generate the 
greatest charge delocalization.) 


(answer) 


Problem 20.54 


Diazomethane, H2CN2, (Chapter 13), undergoes interesting and useful reactions with 
many organic compounds. Suggest a mechanism for the following reaction: 


P t 0 
H,C—N=N 


> 


O 


(answer) 


Problem 20.55 


Suggest mechanisms for each of the following reactions: 
NH, N 
N 
OC. — СУ 
/ 
NH, N 
| 
Н 


СН,ОН 


O == (>) = 
=== eae 


'SeC, Hs 


a) 


b) 


(answer) 


Problem 20.56 


Give structures for each of the compounds Q-W. 


potassium phthalimide aq. acid 
— R — S 
heat 
(CgHoBr) mol. wt. = 121 g/mol 
ІН NMR: 1.6 6, 2 H, triplet 
А 1. Н, C=O 
2.8 6, 2H, triplet excess 
8.1 8,5 H, broad сна 2. HCO,H 
у 
Т 
p W 
water mol. wt. = 135 g/mol 
U + V 


mol. wt. = 104 g/mol mol. wt. = 59 g/mol 


(answer) 


20.1-answer 
secondary amines: 2-(methylamino)butane 


tertiary amines: nicotine; cocaine; atropine; 1-(dimethylamino)propane; 
2-(dimethylamino)propane; N,N-dimethylaniline 


20.2-answer 


a gsm 


NH, 
CH, 
с) NHCH, CH; 


OH 


20.3-answer 
a) diethylaminocyclohexane 
b) 2-aminomethyl-4-ethylheptane 


с) N-ethyl-4-chloroaniline 


20.4-answer 


н с 
a) | 
Cre 
H 
+ 
5) NH, 
joo 
ON 
с) AWN 
N 
вс” 
d) M 


20.5-answer 

a) anti-(m-methylbenzaldehyde) N-methylimine 

b) diethylpropylammonium bromide 

с) anti-2,2-dimethylcyclohexanone N-2-pentylimine 


d) m-bromo-N, N-dimethylanilinium chloride 


20.6-answer 


+ + 
RNH, + H,O Е» RNH, + ЊО 
[RNH ,][H ,O*] 

K, = a 
+ 
[RNH 3] 
+ 
RNH, + H,O --- RNH; + НО: 
T 
[RNH ;][ HO] 
Ky = 
[RNH, | 
[RNE НО 1 [RNH, ][ HO] 
KNK рар зке. 


+ 
[RNH;] [RNH,] 


+ 


= [H4O][HO | 


= Kw 


20.7-answer 
The more basic is the conjugate base of B, with the pKa of 9.3. 
The pK» of the conjugate bases are: 

A 2. 


B 4.7 


20.8-answer 


H, NHCH, 


0-0-0, ou 


Зы А 
CN 


increasing basicity 


20.9-answer 


The compound on the left is a tertiary amine, for which the nitrogen valence level 
unshared electron pair is localized on the nitrogen and thereby is nucleophilic. However, 
for the compound shown on the right, a phthalimide derivative, the unshared valence 
level electron pair formally on nitrogen is delocalized significantly to the two oxygen 
atoms, thereby significantly decreasing the nucleophilic character of the nitrogen. 


20.10-answer 


Yes.... The halogen of 3,4-dimethylbromobenzene is directly attached to the aromatic 
ring and thereby is not subject to replacement via simple nucleophilic substitution 
reaction. Starting material will be recovered. 


20.11-answer 


a) 1-Bromo-2-methylpropane is first treated with potassium phthalimide and the 
intermediate product is hydrolyzed with aqueous acid (final neutralization with aqueous 
base to isolate the free amine). 


b) p-Nitrobenzylbromide is treated with potassium phthalimide and the intermediate 
product is hydrolyzed with aqueous acid (final neutralization with aqueous base to isolate 
the free amine). 


с) 1-Bromo-3-cyclohexylpropane is treated with potassium phthalimide and the 
intermediate product is hydrolyzed with aqueous acid (final neutralization with aqueous 
base to isolate the free amine). 


20.12-answer 


a) 1-Bromobutane is first treated with potassium phthalimide, and the resultant 
intermediate is hydrolyzed with aqueous acid (final neutralization with aqueous base to 
isolate the free 1-aminobutane). 


b) 1-Bromobutane is first treated with NaCN to generate the nitrile which is then 
reduced to 1-aminopentane using hydrogen gas and PtO» catalyst. 


20.13-answer 


a) 


b) 


с) 


4) 


— 


. Benzene treated with Br2/Fe 


2. НМО;/Н;5О, 


. Sn/HCl 


. Benzene treated with HNO3/H,SO, 


2. Br2/Fe 


Ne 


— 


. Sn/HCI 


. Toluene treated with Br2/hv 
. Potassium phthalimide 
. aqueous acid 


. Toluene treated with СНЗГ/АІСІ 


2. НМО;/Н;5О, 


. Sn/HCI 


20.14-answer 


The carbon of the formate anion is oxidized, generating carbon dioxide. 


20.15-answer 


Although the tertiary amine could act as a nucleophile attacking the carbonyl carbon site 
of formaldehyde, it can not proceed to form an imine since the nitrogen would need to 
expand it's bonding beyond the four linkages of which it is capable. Without generating 
an imine, there will be no iminium ion carbon to be reduced. 


20.16-answer 


20.17-answer 


w UE + 
СН; -N=N: ~<—» СН, МЕМ: 


20.18-answer 


+ hydride 
> 


shift 


OH 


20.19-answer 


oH №" OH 
(CH3)3C нс 
NH, хо“ 
e Y 
jo = hydride OH 
(СНС pm mom 
+ 
loss + № 
К 
у о 


(CH4),C 


20.20-answer 


a) 1. NaNO2/H2SO4 
2. KI 

b) 1. NaNO,/H,SO, 

2. HBF, 

3. heat 


. Sn/HCl 
> Мамо/Њ50, 
. CuBr 


с) 


Оз Ne 


20.21-answer 


NO 


20.22-answer 


N 
|| 
N 


OH 


20.23-answer 


H 


=O 


М-О 


+ HB* 


20.24-answer 


Upon treatment of a simple ammonium ion (ЕМНз ) with strong base, the immediate 
reaction would be to remove one of the protons from nitrogen rather than from the В- 
carbon site, regenerating the simple amine, КМН;. 


20.25-answer 


Equation 20.38 


+ N(CH3)3 
r 
Equation 20.39 
+ 


N r 
2-5 
НС СН; 


Equation 20.40 
+ 


[ССН 3); CH]; CHCH, N(CH 3)3 
I 


20.26-answer 


We use iodomethane rather than iodoethane since iodomethane does not provide the 
quaternary ammonium salt with any additional B-hydrogen sites that could be removed 
by base. 


20.27-answer 


With the dibromide, double dehydrohalogenation would proceed via the E2 mechanism 
that has a stereoelectronic requirement of the -Br and -H that are simultaneously removed 
having either a syn- or anti-periplanar arrangement. In fact, given the constraints of the 
ring, neither arrangement is easily assumed, and reaction would be quite slow and 
inefficient. For the Hofmann degradation, since the two bonds are not being broken 
simultaneously, there is no such stereoelectronic requirement and the reaction can 
proceed reasonably. 


20.28-answer 


As may be seen with the two major conformations for N-methylpiperidine-N-oxide, in no 
instance is the negatively charged oxygen site in a position where it is eclipsed with an 
adjacent hydrogen, which is required for the elimination to occur. 


о 

\ + 

H 
N—CH, _ 
H => TN 20 
| 
H 

H CH, 


20.29-answer 


One could generate the tertiary amine without producing any of the quaternary 
ammonium salt by performing two successive Clarke-Eschweiler reactions on the 
primary amine. 


20.30-answer 


+ 1 
(CH); H 


O 


(2R,3R)-3-dimethylamino-4,4-dimethyl-2-phenylpentane 


J | ra for proper Cope conformation 


u^ |f 
(CH3); T H elimination 
O 


The (25,35)-1зотег would provide the same alkene product. However, Ше (2R,3S)-isomer 
would generate the stereoisomeric alkene, 


20.31-answer 


a) 
b) 
с) 
d) 


е) 


ethyldimethylamine 

t-butylamine; 1 -aminobutane; 2-aminobutane 
t-butylamine 

]-aminobutane; 2-aminobutane; methylpropylamine 


diisopropylamine 


20.32-answer 


The methanol exhibits the more downfield "C NMR signal (48.0 ppm downfield from 
TMS) since the oxygen is more electronegative than nitrogen and thereby has a greater 
deshielding effect on the attached carbon atom. 


20.33-answer 


HN NON 


2 


20.34-answer 


H,C N CH, (CH3), CH 


U 


20.35-answer 


a) 


b) 


NH, 


с) 


4) 


е) 


9) 


k) 


m) 


NCH, 


NCH, C.H; 


20.36-answer 


a) 1-propylamine: The higher boiling point, among isomers, other things being 
equal, will be associated with the isomer having the greater surface area. 
Ethylmethylamine is more nearly spherical and has a smaller surface area than does 1- 
prop ylamine. 


b) 4-methoxyaniline: The nitro group is strongly electron withdrawing and reduces 
the basicity of the amino nitrogen compared to 4-methoxyaniline. 


с) piperidine: Тһе secondary alkyl amine using an unshared valence electron pair in 
an sp^ orbital is more basic than an amine using an unshared valence level electron pair in 
an sp? orbital. 


d) pyridine: In attaching a proton to pyrrole, there results destruction of the aromatic 
character of the ring; thereby, it's basicity is seriously decreased relative to that of a base 


that does not lose aromatic character upon protonation. 


e) ethylmethylamine: Attempts to generate an enamine using a primary amine would 
result in the formation of an imine instead. 


f) N-ethylaniline: Secondary amines lead to N-nitroso compounds; primary amines 
would undergo diazotization 


g) phenol: Heavy activation of the aromatic ring for electrophilic aromatic 
susbsitution is required for the diazo coupling reaction to occur. 


h) ethylmethylamine: Only primary amines can be formed by reduction of a nitrile. 


1) pyrrole: Nitrogen of pyrrole is not basic or nucleophilic owing to the fact that 
reaction would destroy the aromatic character of the ring. 


20.37-answer 


The amine hydrochloride salt would be dissolved in aqueous medium and the pH would 
be adjusted to 11 by the addition of NaOH. The resulting mixture would then be extracted 
with ether (at least three times, using each volume equal to that of the aqueous solution). 
The ether extracts would then be dried over anhydrous calcium chloride and the volatile 
materials evaporated under reduced pressure to give the free anhydrous amine. 


20.38-answer 


The mixture would be washed with aqueous acid and the layers separated. The aqueous 
layer would contain the aniline hydrochloride salt. The pH of this aqueous solution would 
then be adjusted to 11 by the addition of NaOH. The resulting material would then be 
extracted with ether (at least three times, using each volume equal to that of the aqueous 
solution). The ether extracts would then be dried over anhydrous calcium chloride and the 
volatile materials evaporated under reduced pressure to give the free anhydrous aniline. 


20.39-answer 


a) 
b) 
с) 
d) 


е) 


3,5-dichloroaniline 
trimethylisopropylammonium iodide 
anilinium chloride 


1,3-pentadiene (and N,N-dimethylhydroxylamine) 


N 
ж 
ee 
N 


20.40-answer 


a) 


D 


OCH, 
b) 

OCH, 
c) 

| 

OCH, 
d) 

HO 


сн; 


S 
м "2 


OCH, 


20.41-answer 


a) 


b) 


с) 


4) 


е) 


9) 


h) 


i) 


2) 


К) 


. HNO3/H2SO4 
. Sn/HCI 


А NaNO,/H,SO, 
. CuCN 
. LiAIH4 


. HNO3/H2SO4 
. Sn/HCI 

. Вг» 

. NaNO;/H5S04 
. H3PO, 


. PCI; 
. potassium phthalimide 


. aq. acid (then neutralize) 


. NaNO;/H5S04 
. CuCN 


. H,CO 


HCOH 


. HCO 
. HCO;H 
. benzenediazonium sulfate (from aniline with NaNO2/H2SO4) 


. PCl; 
. potassium phthalimide 
. aq. acid (then neutralize) 


5 Br,/H3;CCO,H 
. potassium phthalimide 
. aq. acid (then neutralize) 


. HNO3/H2SO4 


Brj/Fe 


. Sn/HCl 


. NHO3/H2SO4 


Вго/Ее, heat 


. Sn/HCI 


NaNO./H,SO, (then neutralize) 


ђ 


1. Вг? 

2. НМО;/Н;5О, 
3. Sn/HCI 

4. Мамо/Н 50,4 
5. CuCN 


20.42-answer 


+l 


Dp 


Br 


The tertiary amine undergoes an intramolecular nucleophilic substitution reaction. In 
more concentrated media, intermolecular reaction occurs. 


20.43-answer 


H,N~ VNB, 


20.44-answer 


OH 


The initial treatment of the cyclopentylcarbinylamine generates a carbocation, that 
undergoes rearrangement, as shown below: 


ро. 


+ 


The resultant cyclohexyl cation then combines with water, loses a proton, and gives Ше 
observed product. 


20.45-answer 


O 


20.46-answer 
A C6H5CH2C1 
B CoeHsCH2NH2 


С C;H5CO;H 


20.47-answer 


dba 


NH, 


20.48-answer 


20.49-answer 


б б со 


С Н 1 


J K 


20.50-answer 


сн, с! CH,OH CO,H 
NO; NO; NO; 
L M N 
CO,H CO,H 
г 
NH? + N(CH3)3 


7) Р 


20.51-answer 


may H5C, 
H, 5 excess SET. н. | OH 
H 
сен, (СНОМ + C,H; 


20.52-answer 


b m 


NH, 


20.53-answer 


1. NaNO, /H5SO, 
—— Hos—{)—N=N—{_) мен, 
2. pH=7 

SO,H { мень, 


Protonation would occur preferentially as shown below, as the charge would be 
delocalized not only around the one aromatic ring, but also to the nitrogen attached to the 
ring. 


H 
e 
+ 


NH; 


20.54-answer 


.. t 
H,C—N=N 
) 


20.55-answer 


a) 


i 
p 
за HONO Stas 
NH, NH, 
-H* 
Y 
| 
N -Н;О М 
Su <x — » NOH 

/ Ж 
i | 
H H 

b) 
CH,OH CHOH 
CH;SeCl 
-----------»- ---------»- 
ETE ес (Н; 
СІ ) SeC 6Н5 
О, 
reversal of elimination Y 


reaction 


20.56-answer 


о 
СН,СН,Вг еб CH, CH,NH, 
Or Q 
Q R S 
2 
СН,СН,М(СН;); CH-CH, CH; CH,NHCH, 


CARBOxVLIC ACIDS 


21.1 INTRODUCTION 
FUNDAMENTALS OF STRUCTURE 


Carboxylic acids, as a group, are moderately acidic, with pK, values typically in the 3—5 range. 
They are generally stronger than weakly acidic organic compounds such as alcohols, alkynes, 
and phenols, but are much weaker than the mineral acids such as sulfuric acid and hydrochloric 
acid. (These strong acids are able to convert salts of carboxylic acids into the free carboxylic 
acids themselves.) 

The general structure of a carboxylic acid molecule is shown in Figure 21.1. A carboxylic 
acid consists of three parts: a hydroxyl group, a carbonyl group, and the “remainder.” The car- 
bonyl group and the hydroxyl group together constitute the carboxyl group. 


M я 
о 
/ 


Соммом CARBOXYLIC ACIDS 


The simplest carboxylic acids are colorless liquids with acrid odors. Formic acid, HCO;H, for 
example, is a liquid with a highly irritating odor. It is the active component of the sting of 
some ants. 

Acetic acid, CH4CO;H, produced by the oxidation of ethanol, is responsible for the charac- 
teristic odor and flavor of vinegar. In vinegar, acetic acid is usually present to the extent of 
-4-5%. Acetic acid is also an important industrial chemical that finds extensive use in the pro- 
duction of plastics. Pure acetic acid freezes at 17°C, allowing it to be purified of the presence of 
water by a freezing process. The pure acid thus is referred to as glacial acetic acid. 
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carbonyl group 


hydroxyl group 


"remainder" 


FigurE 21.1 The parts of a carboxylic acid molecule. There is a structural resemblance of 
carboxylic acids to both alcohols and carbonyl compounds (aldehydes and 
ketones). However, the reactivity of both the hydroxyl and carbonyl groups in 
carboxylic acids is significantly modified by their juxtaposition. 


The odor of simple carboxylic acids is a dominant characteristic. Butyric acid, 
CH3;CH5;CH5CO;H, is responsible for the odor of rancid butter. Caproic acid, caprylic acid, 
and capric acids, shown in Table 21.1, are all present in the skin secretions of goats and are 
responsible for the characteristic odor of these animals. The common names for all of these 
acids are derived from the Latin word for goat, caper. Caprylic and capric acids also occur in 
coconut oil. 

The structures of some additional simple carboxylic acids occurring in biological systems 
are shown in Table 21.2. Notice that each of the acids in Table 21.1 and Table 21.2 contains an 
even number of carbon atoms. Other long-chain naturally occurring carboxylic acids also con- 
tain even numbers of carbon atoms. We commonly refer to such naturally occurring carboxylic 
acids containing 10—22 carbon atoms as fatty acids. The characteristic of having an even num- 
ber of carbon atoms reflects their common mode of biosynthesis from units containing two 
carbon atoms. 

The metabolism of carboxylic acids in biological systems shows that chains are also 
cleaved by the successive removal of two-carbon units. For example, when animals are fed syn- 
thetic carboxylic acids of the type СНУ(СН,), СОН, the ultimate biological degradation 
product depends on whether n is an odd or even number. If n is an even number, benzoic acid 
is formed at the end of the degradation process and is excreted by the animal. However, if n is 
an odd number, phenylacetic acid is the ultimate product. These degradations are illustrated in 
Figure 21.2. 


Taste 21.1 Structures of Simple Carboxylic Acids Found іп the Skin Secretions of Goats. 


Structure Common Name 
CH3CH»,CH»,CH»,CH»,CO>,H caproic acid 
CH3CH5;CH;CH;CH;CH;CH;CO;H caprylic acid 


CH3CH5;CH;CH;CH;CH;CH;CH;CH5CO;H capric acid 
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Таві 21.2. Structures of Some Common Saturated Fatty Acids. 
The general formula is CH3(CH2),CO2H 


x Name of Acid Source 

10 lauric acid coconut oil 
12 myristic acid nutmeg seed 
14 palmitic acid palm oil 

16 stearic acid animal fats 


C4H5—(CH5j,—CO; Е» | €4H5—COH 


п = even benzoic acid 


СН; (СН) СО) Е . C4H5—CH;—CO;H 


n= odd phenylacetic acid 


FIGURE 21.22 Metabolism of synthetic carboxylic acids. Experiments reveal that degradation 
occurs through a succession of reactions that remove two carbon atoms at a 
time from the chain. Degradation stops when no -CH;CH;- units remain. 


Special Topic 
Valproic Acid 


(СНҘСН;СН,);СНСО;Н 


Valproic acid 


Valproic acid (2-propylpentanoic acid, also known as DPA—di-n-propylacetic acid) is used as an 
anticonvulsant and as an antiepileptic. Its antiepileptic properties were discovered quite by chance in 
1963 when Pierre Eymard was investigating the properties of a series of substances (unrelated to val- 
proic acid) that he had synthesized in his laboratory as potential pharmaceutical agents. The 
synthesized compounds proved to have poor solubilities in water and other common solvents, and 
this severely hampered their pharmacological testing. Eymard discovered, however, that the sub- 
stances were soluble in valproic acid, and the testing proceeded. It was found that the solutions 
provided good protection against epileptic seizures in rabbits. However, a blank experiment per- 
formed with only valproic acid itself proved just as effective! This discovery led to the marketing of 
valproic acid as an antiepileptic in 1967. 

This type of discovery, in which we find something for which we were not looking, is often 
referred to as serendipity. Such accidental discoveries have played an important role in the develop- 
ment of chemistry and medicine. 
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Some fatty acids contain carbon-carbon double bonds along the chain. Two examples are 
oleic acid (21.1) and arachidonic acid (21.2). Arachidonic acid is an example of the poly- 
unsaturated fatty acids. It contains four carbon-carbon bonds, all of them with the cis 
geometry. 


CH4(CH5) CH, CH,(CH,);CH,CO,H 


& | 7 
C=C 
/ \ 
H H 


21.1 
oleic acid 
CH3(CH5),CH; CH; CH; CH; CH,CH,CH,CO,H 
ы Уу xo уу oF X 
AME WE Е 27 К 
H HH HH HH H 
21.2 


arachidonic acid 


Carboxylic acids containing additional hydroxyl groups are also common in biological 
systems. Examples of this type of compound include lactic acid (21.3), citric acid (21.4), and 
tartaric acid (21.5). 


(02H CH(OH)— COH 
= zh 2 
H3C-CHCOH ноуссн,-С-сносо,н 
OH | CH(OH) — CO;H 
OH 
21.3 21.4 215 — 
lactic acid citric acid tartaric acid 
(from milk) (from citrus fruits) (from grapes) 


21.2 NOMENCLATURE OF CARBOXYLIC ACIDS 


The IUPAC nomenclature of aliphatic carboxylic acids uses the name of the parent alkane and 
changes the ending from -e to -oic acid. Several examples, along with their common names, are 
shown in Figure 21.3. 

The names of aromatic acids (in which the carboxylic acid functional group is attached 
directly to the aromatic ring) are based on the particular aromatic ring structure involved. 
Several examples are shown in Figure 21.4. 

The carboxylic acid group has a higher nomenclature priority than does any other functional 
group. Thus, compounds that contain the carboxylic acid group along with other groups are 
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HCO,H CH, СО, Н CH; СН, СН, СО, H 
methanoic acid ^ ethanoic acid butanoic acid 
(formic acid) (acetic acid) (butyric acid) 
(CH3)2CHCH, CH ; CO,H Cb CHC(CH5);CO;H 
4-methylpentanoic acid 3,3-dichloro-2,2-dimethylpropanoic acid 


Figure 21.3 Nomenclature of aliphatic carboxylic acids. 


СОН " Л CO,H 
С 7 9 CO;H 
6 
5 x 4 3 Cl 
benzoic acid 2-naphthoic acid 3-chlorobenzoic acid 
CO,H 
2 CO,H 


CH 
| зда: 


4-methylbenzoic acid 
(toluic acid) 4-bromo-6-phenyl-1-naphthoic acid 


821 


Figure 21.4 Nomenclature of aromatic carboxylic acids. The numbering system for the 


naphthalene ring is illustrated with 2-naphthoic acid. 


named as derivatives of the parent carboxylic acid (e.g., the compound HO(CH5);CO?H is 


named as 4-hydroxybutanoic acid). 


There are also many common and important dicarboxylic acids. Several of these are listed 


in Table 21.3. 


In addition to the aliphatic dicarboxylic acids of the type shown in Table 21.3, there are also 


important aromatic dicarboxylic acids. Several of these are shown in Figure 21.5. 


Some dicarboxylic acid occur naturally in plants. For example, oxalic acid occurs in spinach 


and rhubarb, and glutaric acid and adipic acids occur in sugar beets. 
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Taste 21.3 Common Dicarboxylic Acids. 


Structure Common Name IUPAC Name 
HO;C-CO;H oxalic acid ethanedioic acid 
HO;C-CH;-CO;H malonic acid 1,3-propanedioic acid 
HO;C-(CH35);-CO;H succinic acid 1,4-butanedioic acid 
HO;C-(CH5);,-CO;H glutaric acid 1,5-pentanedioic acid 
HO;C-(CH5)4,-CO;H adipic acid 1,6-hexanedioic acid 
COH CO;H CO;H 
COH 
COH 
phthalic acid СОН 


(1,2-benzenedicarboxylic acid) 


isophthalic acid 
(1,3-benzenedicarboxylic acid) 
terephthalic acid 
(1,4-benzenedicarboxylic acid) 


Figure 21.5 Some aromatic dicarboxylic acids. 


21.3 PHYSICAL PROPERTIES OF CARBOXYLIC ACIDS 


The physical properties of carboxylic acids are heavily influenced by their ability to form 
hydrogen bonds. Carboxylic acids form hydrogen bonds either to neighboring carboxylic acid 
molecules or to other appropriate molecules such as water. Carboxylic acids exhibit even higher 
boiling temperatures than do alcohols of comparable molecular weight. For example, butanoic 
acid boils at 164°C, while 1-pentanol (comparable molecular weight) boils at 138°C. Even in 


Special Topic 


Carboxylic Acids as Pheromones 


Some carboxylic acids serve as pheromones. For example, oleic acid is a death pheromone in some 
species of ant. Upon the death of an ant, by whatever cause, free oleic acid is emitted by the remains. 
When the oleic acid is detected by another living ant, the latter ant acts to remove the deceased ant 
from the communal area to a refuse pile. 

Other simple carboxylic acids serve as sex pheromones in the rhesus monkey. The ovulating 
rhesus monkey emits a mixture of six carboxylic acids (acetic acid, propanoic acid, methylpropanoic 
acid, butanoic acid, 3-methylbutanoic acid, and 4-methylpentanoic acid) that produces a mating 
response in the male. 
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the vapor phase, many carboxylic acids exist as dimers, as indicated in Figure 21.6. As a result, 
measurements of the molecular weight of carboxylic acids often indicate a value twice what is 
expected on the basis of the simple structure RCO H. 


21.4 THE ACIDITY OF CARBOXYLIC ACIDS 


Why is a carboxylic acid so much more acidic than an alcohol? The answer lies in the structure 
of the conjugate base for each type of compound. In Figure 21.7 we compare the equilibria of 
acetic acid and of 2-propanol in reaction with water. The conjugate base of a carboxylic acid is 
known as a carboxylate ion. It is less basic than an alkoxide ion since the negative charge is 
delocalized over two oxygen atoms. In Figure 21.8 are shown two contributing resonance struc- 
tures consistent with this charge delocalization. An alkoxide ion is more basic than is a 
carboxylate ion; the negative charge of the alkoxide ion is concentrated on one oxygen atom. As 
always, a less basic conjugate base correlates with a more acidic parent acid. 


ж = ы 
H4C—C Раа. 
No H-- 0” 


Figure 21.6 Acetic acid dimer structure. Two acetic acid molecules associate through а 
pair of hydrogen bonds. 


CH3CO,H + H,O <=” CH4CO; + Нзо“ 


Ка = 174х 10° 


(СН.)„СНОН + H,O — > (СНСНО“ + H40* 
3/2 2 go 3/2 3 


K, = 1018 


Figure 21.7 Acid-base reactions of acetic acid and 2-propanol with water. 


O O 
ү 
С — O <= C—O 
4 
Н.С НЗС 


FIGURE 21.8 Contributing resonance structures for Ше acetate anion. The delocalization 
of the negative charge stabilizes the anion. 
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Molecular Orbital Analysis 


A Molecular Orbital View of Carboxylate lons 


The molecular orbital model provides a description of carboxylate anions that complements the 
valence-bond resonance description. Qualitatively, a carboxylate ion is similar to the allyl anion 
(Figure 16.14, Figure 16.15, Figure 16.16) in that it has the same type of 7 molecular orbitals. The 
HOMO has electron density at each of the two ends of the system (the two oxygen atoms). A repre- 
sentation of the delocalized carboxylate ion is shown in Figure 21.9. 


012 
И 


/ 
% 
\ 


012 


R— 


Figure 21.9 A carboxylate anion. The four-atom system (two oxygens, the carboxylate 
carbon, and the R atom attached directly to the carboxylate carbon) is planar. 
That is, all four atoms lie in the same plane. Each of the two oxygen atoms 
bears one-half of the negative charge. The two carbon-oxygen bond 
distances are the same. 


Several factors influence the acidities of carboxylic acids. One factor is the nature of the 
R group. Electron-withdrawing groups increase acidity and electron-donating groups decrease 
acidity. Selected carboxylic acid pK, values are shown in Table 21.4. In every instance, loss of a 
proton leads to a carboxylate ion, КСО», i.e., the conjugate base of the parent acid. When ап 
electronegative atom is bound close to the carboxyl group, the conjugate base is stabilized 
because the electronegative atom allows the negative charge of the carboxylate ion to be delocal- 
ized, thereby increasing the stability of the ion and rendering it less basic. The corrolary is that 
the parent acid is strengthened by such an effect. Indeed, we find that electronegative groups 
increase the acidity of carboxylic acids. 

We also know from our past dealings with alcohols and amines that solvent effects can play 
a major role in determining the strengths of acids and bases. How important are such effects with 
carboxylic acids? It has been determined that entropy effects related to solvation are extremely 
important in influencing the strengths of carboxylic acids. When a carboxylic acid dissociates, 
there is a change in solvation. In general, the conjugate base, being an anion, requires a much 
greater extent of solvation than does the parent acid, a neutral molecule. An ordering of the sol- 
vent molecules providing this solvation thereby accompanies the dissociation process. However, 
the degree of ordering (i.e., AS for the dissociation process) differs depending on the nature of 
the parent carboxylic acid and its conjugate base (carboxylate anion). For example, compare 
acetic acid and formic acid in aqueous solution. Both are solvated, but acetic acid is solvated to 
a lesser degree because its methyl group, like alkyl groups in general, is hydrophobic, i.e., it does 
not have strong binding interactions with polar species. On dissociation of the two acids, for- 
mate and acetate ions are generated, respectively. Both of these anions are more highly solvated 
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Table 21.4  Acidities of Selected Carboxylic Acids. 


Acid pK, 
СВССОЉН 0.65 
CLbCHCO;H 1.29 
[(CH3)J;NCH;CO;H |“ 1.83 
FCH;CO;H 2.66 
CICH;CO;H 2.86 
p-O3N-C$H4CO;H E 9) 
m—NC-C&$H4CO;H 3.51 
HCO;H 3.77 
m—F—-C&H4CO;H 3.86 
Cc;H5CO;H 4.20 
m—H3N-C&4H4CO;H 4.36 
p-CH3-C4H4CO;H 4.37 
p-Ha3CO-C&$H4CO;H 4.47 
CH3CO;H 4.76 
CH3CH,CO,H 4.88 
(CH3),CCO;H 5.05 


than are their parent acids, but formate anion is only slightly more solvated than is the acetate 
anion. The main factor influencing the solvation of the carboxylate ions is their negative charge. 
The negative charge greatly favors solvation and largely overwhelms the effect of the hydropho- 
bic methyl group. As a result, there is more ordering of the system when acetic acid dissociates 
to acetate ion in aqueous solution than when formic acid dissociates in the same solvent to for- 
mate anion. This entropy effect is the main reason for the diminished acidity of acetic acid 
relative to formic acid. 

Dicarboxylic acids have two pK, values, one corresponding to each of the acidic functional 
groups. Consider oxalic acid. The first pKa (рК) is 1.27, indicating that it is more acidic than is 
acetic acid. We can understand this by considering the conjugate base of oxalic acid, HOzC—CO.- 
. In the oxalate monoanion the electron-withdrawing carboxyl group stabilizes the immediately 
adjacent carboxylate anion. Furthermore, a statistical factor is involved here. Since there are two 
equivalent carboxylic acid functions in oxalic acid, there immediately is a doubled likelihood of 
donating a hydrogen in an acid-base reaction.The second pK, (рК.2) is 4.26, indicating that the sec- 
ond acidic hydrogen is less acidic than is acetic acid. We rationalize this difference rather easily. 
Removal of a hydrogen ion from the oxalate anion leads to a dianion, O;C-CO»;, in which two 
negative charges are in close proximity and therefore repel each other. The formation of the dianion 
is relatively more difficult than formation of the monoanion. 

Since carboxylic acids are acids, they undergo neutralization with bases. This reaction pro- 
duces a carboxylate salt, as is illustrated in Figure 21.10. We name the carboxylate salts 
systematically by first naming the cation and then adding the name of the carboxylate anion. In 
adding the anion name we change the -ic acid ending of the free acid to -ate. We can isolate such 
salts by evaporating the water (formed in the reaction and often used as the solvent). 
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COH CO; Na* 


+ NaOH --- + H,O 


sodium benzoate 
(a common food preservative, 
occurring naturally in a 
variety of fruits) 


Figure 21.10 Formation of a carboxylate salt. 


Salts of long chain fatty acids are soaps, materials that contain both a highly polar region 
(the anionic site) that can interact with water molecules, and a nonpolar region (the alkyl chain) 
that can interact with other nonpolar materials. 


Soap 


The manufacture of soap dates back to ancient times. For example, early Roman writers tell of how 
the Phoenicians made soap by heating goat fat with ashes. Until quite recently it remained common 
practice for people to make their own soap from animal fats and lye (basic components from wood 
ash). The mixture of fat and aqueous base was heated in a vat and the soap would form and rise to 
the surface of the mixture. On cooling, the soap would solidify. A dilute solution of glycerol would 
also form. This method of preparing soap is simply a hydrolysis of the esters present in the animal 
fat, as shown below. The salts of the fatty acids produced constitute soap. 


ОС(О)—(СН2)16)СНз ОН 
NaOH 
OC(O) —(CH5)4,90)CH5 —- OH + 3 Na* ~O,C(CH)16CH3 
H,0 
sodium stearate 
ОС(О)—(СН2)16)СНз OH (a soap) 
glycerol 


The action of soap depends on the presence of two regions within each molecule. One is a polar, 
hydrophilic region (the carboxylate anion region), and the other is a nonpolar hydrophobic region 
(the alkyl chain). Most water-insoluble contaminants (dirt) we wish to remove from surfaces are 
composed of oily, hydrophobic hydrocarbon or hydrocarbon-like substances. On adding soap with 
water to the contaminated item an emulsion consisting of small drops suspended in water is formed. 
These small drops are characterized by an ordered structure known as a micelle. In the spherical 
structure of a soap micelle, the hydrocarbon contaminant is located at the center of the sphere, 
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surrounded by the soap species. The hydrophobic regions of the soap are directed inward toward the 
hydrophobic contaminant, interacting with it through van der Waals type interactions. The 
hydrophilic regions of the soap are directed outward toward the aqueous solution. A schematic rep- 
resentation of a micelle in water is shown below. 


H Nat H hydrophobic contaminant 
e.g., a drop of hydrocarbon grease 


21.5 SYNTHESES OF CARBOXYLIC ACIDS 


GENERAL 


There are many ways of introducing a carboxylic acid group into an organic molecule. In ear- 
lier chapters we introduced several important methods involving oxidation of some other group 
to the carboxylic acid function. We begin here by briefly reviewing these methods. 


OXIDATIONS OF ALDEHYDES AND PRIMARY ALCOHOLS 


Both aldehydes and primary alcohols are oxidized to carboxylic acids by the action of common 
oxidizing agents. If our starting material is a primary alcohol, oxidation proceeds via an inter- 
mediate aldehyde. Recall that aldehydes undergo oxidation so readily that we must use special 
conditions if we wish to prevent their continuing to be oxidized to carboxylic acids. Examples 
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of the use of Cr(VI) and Mn(VII) oxidizing agents for the oxidation of primary alcohols to 
carboxylic acids are shown in Equation 21.1 and Equation 21.2. 


СгОз 
ЕСН (СВ, СНООН >» ЕСН.(СН,) СО, Н 
2(CH5)gCH; H,S0,, HO 2(CH2)gCO2 
10-fluoro-1-decanol 10-fluorodecanoic acid 
93% yield (Eq. 21.1) 
KMnO,, KOH 
Cl,C(CH),)3CH,O0H — CI3C(CH5),4CO;H 
H,O 
5,5,5-trichloro-1-pentanol (aq. acid workup) — 5,5,5-trichloropentanoic acid 

9246 yield (Eq. 21.2) 


These same reagents convert aldehydes to carboxylic acids, as is illustrated in Equation 21.3. 


H CHO соундо, H COH 
~ ыр acetone < % 
(CH3)3C | | CeHs ones’ (СНС | | СЕН. 
reagent) 


(E)-3-tert-butyl-1-phenylcyclopentanecarboxaldehyde 
(E)-3-tert-butyl-1-phenylcyclopentanecarboxylic acid 
85% yield 
(Eq. 21.3) 
Many other reagents also oxidize aldehydes to carboxylic acids. For example, dilute nitric acid 


(Equation 21.4) and hypochlorite ion (Equation 21.5) provide this capability for syntheses. (We 
will meet again the use of the dilute nitric acid reagent in our future discussion of carbohydrates.) 


Cl Cl 
CHO HNO¥H,0 CO,H 
Cl Cl 
Cl Cl 
2,3,6-trichlorobenzaldehyde 2,3,6-trichlorobenzoic acid 
24% yield (Eq. 21.4) 
on Ca(OCD); CY 
H,O 
cyclohexanecarboxaldehyde cyclohexanecarboxylic acid 


77% yield (Eq. 21.5) 
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If we wish to oxidize an aldehyde group selectively in the presence of other functional 
groups that are also susceptible to oxidation, we need to use another type of reagent. Reagents 
involving Ag(I) as the oxidizing agent (such as the Tollens’ reagent—see section 19.13) аге con- 
venient for this purpose. These reagents are very mild oxidizing agents and affect only very 
easily oxidized groups. 


SIDE-CHAIN OXIDATION OF SUBSTITUTED AROMATIC COMPOUNDS 


The Cr(VI) and Mn(VII) reagents discussed in the previous paragraphs also oxidize the side 
chains of benzene and other aromatic rings to carboxylic acid groups. We discussed this type of 
reaction in earlier chapters. Two additional examples of this type of oxidation are shown in 
Equation 21.6 and Equation 21.7. 


CH;CH;CH; сто; СО 
4 
НОО 


heat 
1-phenylpropane benzoic acid 
60% yield (Eq. 21.6) 


COH 
OO x CX 
— 
aq. acid workup 


tetralin phthalic acid 
27% yield (Eq. 21.7) 


OXIDATIVE CLEAVAGE REACTIONS 


Molecules containing carbon-carbon double or triple bonds undergo oxidative cleavage reac- 
tions to yield carboxylic acids (among other products). Generally, these oxidative cleavage 
methods (e.g., ozonolysis, or vigorous permanganate cleavage) result in the fragmentation of a 
large molecule into two smaller fragments. However, oxidative cleavage of an appropriate cyclic 
alkene (or alkyne) results in an open-chain dicarboxylic acid and constitutes a useful approach 
to this type of compound, as is illustrated in the general scheme given in Figure 21.11. 


COH 
| си Оз НО» 
| » —- (CH), 


CH | 
сон 


FIGURE 21.11 Ozonolysis of a cyclic alkene. The cleavage product is a single molecule 
containing two carboxylic acid groups. 
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THe HALOFORM REACTION 


The haloform reaction, introduced in section 19.12, is a special method for oxidizing methyl 
ketones to carboxylic acids. Additional examples are shown in Equation 21.8 and Equation 
21.9. You should recall that secondary alcohols of the type КСН(ОН)СН; are also converted 
to carboxylic acids under these reaction conditions. Such alcohols are first oxidized to a 
methyl ketone; then, the methyl ketone undergoes the haloform reaction to generate the 
carboxylic acid. 


H 
Сі, Маон | ы. 
оңо ” 


aq. acid workup 


methyl 2-naphthyl ketone 2-naphthoic acid 
87% yield (Eq. 21.8) 


__Вгухаон _ “20 
њо ” 


aq. acid workup 


methyl cyclohexyl ketone cyclohexanecarboxylic acid 
30% yield (Eq. 21.9) 


THe CARBONATION OF ORGANOMETALLICS 


In Chapter 11 we discussed the ability of organometallics to behave as powerful nucleophiles. 
One important type of reaction in this category is that of organometallics, such as Grignard 
reagents, with carbonyl compounds. In a completely analogous reaction, adding carbon dioxide 
to an organometallic (carbonation) leads immediately to a carboxylate anion. The organometal- 
lic reagent performs a nucleophilic attack on the carbon atom of carbon dioxide. This approach 
allows the preparation of carboxylic acids bearing one more carbon atom than the alkyl or aryl 
halide used to make the Grignard reagent. This is illustrated in Figure 21.12. 

Dry Ice (trademarked name for solid carbon dioxide) is commonly used as the source of CO; 
in these reactions. It is added to a solution of the organometallic reagent. After the reaction is 
complete, aqueous mineral acid is added to protonate the carboxylate anion and form the free 
carboxylic acid. Two examples are shown in Equation 21.10 and Equation 21.11. 


b айы 1. Mg, ether 5 
в 
2. СО, 


a 3. aq. acid COH 


2-chlorobutane 2-methylbutanoic acid 
86% (Eq. 21.10) 
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Мох? 
жы кеа Ar, к 
Ar—X = ——-  Ar—Mg—X —————- C 
ether || 
О 
H30* 
ArCO,H 


FIGURE 21.12 Carbonation of a Grignard reagent. Overall, the reaction allows the 
synthesis of a carboxylic acid from an alkyl or aryl halide. In effect, a 
carboxylate group replaces the original halogen atom. 


COH 
1. ee THF (^ e 
2. осо > 
3. aq. acid mE 
1-chloronaphthalene 1-naphthoic acid 
56% yield (Eq. 21.11) 


Aryllithium species are also highly reactive toward carbon dioxide and give carboxylic acids 
in good yield. An example is shown in Equation 21.12. 


Вг у 14 ећег _ COH 
со, > 


3. ач. асїа 
bromobenzene benzoic acid 
5846 yield (Eq. 21.12) 


THe HYDROLYSIS or NITRILES 


In our earlier discussion of nucleophilic substitution reactions (section 12.3), we considered the 
formation of aliphatic nitriles through cyanide displacement of halide ion from haloalkanes. 
Armoatic nitriles can be prepared by means of the Sandmeyer reaction of aryl diazonium ions 
with cuprous cyanide (section 20.8). Thus, we have facile access to both alkyl and aromatic 
nitriles. These nitriles are easily converted to the corresponding carboxylic acids by boiling them 
with aqueous acid. Two examples are shown in Equation 21.13 and Equation 21.14. 


CH,CN H5SO,, НО CH5CO;H 
— ат 
пеа! 
(2,4,6-trimethylphenyl) acetonitrile (2,4,6-trimethylphenyl) acetic acid 


8796 yield (Eq. 21.13) 
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CN COH 
НЗРО4 H,O 
ue "2: 
1-cyanonaphthalene 1-naphthoic acid 
90% yield (Eq. 21.14) 


The acid-catalyzed hydrolysis of nitriles proceeds according to the mechanism as shown, 
which consists of a series of acid-base reactions. Notice that no oxidation-reduction occurs in 
the entire reaction sequence. Each step of the reaction is reversible. The equilibrium favors the 
carboxylic acid product in acid solution because of the protonation of ammonia. Once proto- 
nated, the ammonia no longer has an unshared valence level electron pair available for reaction, 
and thus is unable to participate in the reverse process. 


Acid-Catalyzed Hydrolysis of Nitriles 


Step 1 Protonation of the nitrile. 


R—CzN; +H -——- R—CZEN—H <-> R—C-cN—H 
Step 2 Nucleophilic attack by water. 
Ж “ Ha 
* | 
R—C=N—H + H,O = R—C-—N —H 


Steps 3 and 4 Proton transfer (B: is some convenient base in solution) 


R—C=N—H <> R—C—N —H > R—C—N-—H | +B: 
+ 


Step 5 Nucleophilic attack by water. 


| 
R—C—N—H + НО == 
+ 


(н 

R—C—N—H + B ==” 
| | 

H,O H 
+ 


ras жаны 


R—C—N—H + ВН = 


ни 
| | 
HO H 
Step 8 Loss of ammonia. 
OH H OH 
| | + |+ 
R—C—N—H = R—C 
I| | 
НО Н НО 
Step 9 Proton loss 
SE uM 
| + 
к-с” <->  BH* + 
| 
НО 
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OH 
| 
R—C—N-—H 
| | 
H,O H 
+ 
OH 


ЕСОН 


Nitriles can also бе hydrolyzed under basic conditions by refluxing with aqueous hydroxide 
solution. Under these conditions a solution of a carboxylate salt is obtained. Usually, the reac- 
tion mixture is subjected to workup with an aqueous solution of a mineral acid so that free 
carboxylic acid is produced. The sequence shown in Equation 21.15 is typical. 
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KOH, Н;О 
Н.С — НЗС M 
CN (НОСН,-СН,),О CO; Кк 
1-(3-methylphenyl)cyclohexanecarbonitrile 


aq. acid 


Н.С 
CO;H 


1-(3-methylphenyl) cyclohexanecarboxylic acid 
9396 yield 


(Eq. 21.15) 


21.6 REACTIONS OF CARBOXYLIC ACIDS 
CARBOXYLIC ACID DERIVATIVES 


In addition to undergoing the typical reactions of weak acids, carboxylic acids also undergo a vari- 
ety of other reactions. Of particular importance is their conversion to various types of carboxyl 
derivatives. We will consider these derivatives in detail in this and the following two chapters. 
Most of them have another group in place of the -OH portion of the parent carboxylic acid. Several 
examples are shown in Table 21.5. 


TABLE 21.5 
G Type of Compound 
—OH carboxylic acid 
—X (halide) carboxylic acid (or acyl) halide 
—OR ester 
—NR>, -NHR, -МН, amide 


—OC(O)-R anhydride 
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Taste 21.6 Nomenclature of Nitriles We name nitriles by dropping the -ic from the 


ending of the name of the parent acid and adding nitrile. 


Nitrile Nitrile Name Parent Carboxylic Acid 
CH;CN acetonitrile acetic acid 

CH3CH;5CN propionitrile propionic acid 

C&;H5CN benzonitrile benzoic acid 


Nitriles are often viewed as derivatives of carboxylic acids. In a formal sense, nitriles are related 
to amides, in that dehydration of a primary amide produces a nitrile. In the laboratory we can at 
times accomplish this dehydration of an amide using a reagent such as phosphorus pentoxide 
(P4010) or thionyl chloride (SOCH). The relationship of nitriles to carboxylic acids and other deriv- 
atives is emphasized in their common nomenclature. Several examples are shown in Table 21.6. 

The derivatives of carboxylic acids are important classes of compounds not only for syn- 
thetic organic chemistry, but also for a wide variety of industrial applications, and virtually all 
biological processes. In the following section we will consider the preparations of these deriva- 
tives from the parent carboxylic acids. 


The Preparation of Carboxylic Acid Chlorides In general, an acid halide is a 
derivative of an oxyacid in which a halogen takes the place of the hydroxyl group of the oxy- 
acid. Several examples of such acid halides are shown in Figure 21.13. (Earlier we introduced 
the concept of inorganic acid halides and considered their nature and reactions.) 


Inorganic Parent Acid Inorganic Acid Halide Organic Parent Acid Organic Acid Halide 


НзРОз PCI; CH4CO;H CH4C(O)CI 
phosphorous acid phosphorus trichloride acetic acid acetyl chloride 
НЗРО4 РОСВ НО-ССН;СО-Н CIC(O)CH4C(O)CI 
phosphoric acid phosphorus oxychloride malonic acid malonyl dichloride 
SO4H, SOCI, HCO; СОСІ, 
sulfurous acid thinoyl chloride carbonic acid phosgene 
Но5О4 50 „СЪ СН55О;Н СН $О»С1 
sulfuric acid sulfuryl chloride benzenesulfonic acid  benzenesulfonyl chloride 


Figure 21.13 Examples of inorganic and organic acid halides (chlorides). 


836 ORGANIC CHEMISTRY 


Carboxylic acid halides (chlorides in particular) are extremely useful for organic syntheses, 
as we saw in earlier chapters, (e.g., in Friedel-Crafts acylation reactions). Carboxylic acid 
halides are, in general, the most reactive of the carboxylic acid derivatives. Many nucleophiles 
react readily with carboxylic acid halides, and the overall result is displacement of the halogen 
atom as a halide ion. 

There are several ways to prepare acid halides from their parent carboxylic acids. A com- 
mon method is the treatment of the carboxylic acid with an inorganic acid chloride such as 
thionyl chloride, phosphorus trichloride, or phosphorus pentachloride. Several examples are 
shown in Equations 21.16-21.19. 


SOCL 
СІЗССОэЭН — СІЗССОСІ 
trichloroacetic acid trichloroacetyl chloride 
89% yield (Eq. 21.16) 
CH5CO;H РС CH,COCI 
Л mM 
phenylacetic acid phenylacetyl chloride 
8396 yield (Eq. 21.17) 
Jon РВгҙ У" 
НЗС НЗС 
p-toluic acid p-methylbenzoyl bromide 
65% yield (Eq. 21.18) 
PCl; 
CH5(CH5),,CO;H — > СНЗ(СН,) (СОС! 
benzene 
octadecanoic acid octadecanoyl chloride 
70% yield (Eq. 21.19) 


A disadvantage of these procedures is that the inorganic acid halides used are highly reac- 
tive toward other functional groups. Thus, the reagents are not particularly selective. 
Furthermore, when these inorganic acid halides react, they generate hydrogen chloride or other 
acidic by-products that can affect acid-sensitive molecules. 

A milder method involving no potentially harmful acidic by-products utilizes triphenyl- 
phosphine in the presence of tetrahalomethanes. An example is shown in Equation 21.20. The 
acid halide is isolated by filtering off the insoluble triphenylphosphine by-product and allowing 
unreacted tetrahalomethane to evaporate. (Some СНХ is also formed as a by-product, but it is 
also removed by evaporation.) Related phosphine reagents are also effective. For example, triph- 
enylphosphine dichloride (21.6) works nicely. 


(СеН5)зРСІ, 


21.6 
triphenylphosphine dichloride 
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COH PPh; COCI 
Cy — + Ph;P—O 
CCl4 


benzoic acid benzoyl chloride 
88% yield (Eq. 21.20) 


An ingenious modification involves the attachment of the reactive phosphorus compound to 
an insoluble polymer, generally a polystyrene derivative. This type of reagent is insoluble in the 
solvent systems used for the substrate carboxylic acid, and the reaction occurs at the surface of 
the polymer. The by-product is also insoluble in the reaction solvent, so purification of the prod- 
uct is simplified. The polymeric reagent provides very mild reaction conditions and an expedited 
work-up procedure. An example is shown in Equation 21.21. 


polymer chain СН;СО-Н CH,COCI 
СН»>Р(СН-)-СІ, CH;P(C69H53)0 
phenylacetic acid . 
phenylacetyl chloride 
100% yield 
(Eq. 21.21) 


Reactions in which one of the participants is bound to an insoluble polymer have proven 
invaluable in accomplishing efficient multistep syntheses. Of particular interest is the applica- 
tion of this methodology to the synthesis of complex molecules such as peptides, as we will 
describe in Chapter 26. 


Carboxylic Acid Anhydrides The name anhydride literally means “without water.” 
Inorganic acid anhydrides have a composition corresponding to the removal of the elements of 
water from an oxyacid. For example, sulfur dioxide (SO;) is the anhydride of sulfurous acid 
(Н;5Оз) and chromic anhydride (chromium trioxide, СгОз), is the anhydride of chromic acid 
(H2CrO,). Although chromic acid itself is unstable and can not be isolated, its anhydride is a 
common (albeit reactive) laboratory reagent. 

The simplest carboxylic acid, formic acid, yields carbon monoxide (CO) upon dehydration. 
However, other simple carboxylic acids form anhydrides in which one molecule of water is (for- 
mally) removed from between two molecules of the acid. Two common examples of this type of 
anhydride are acetic anhydride (21.7) and benzoic anhydride (21.8). If the two carboxyl groups 
of dicarboxylic acids are properly oriented, dehydration leads to a cyclic anhydride, such as 
maleic anhydride (21.9) or phthalic anhydride (21.10). 
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7271 
O O 
П | и 
с“ Co^ ^cn, 
21.7 21.8 
acetic anhydride benzoic anhydride 
O O 
2005 
O O 
21.9 21.10 

maleic anhydride phthalic anhydride 


Anhydrides of straight-chain carboxylic acids containing up to twelve carbon atoms are 
liquids. The most common of these, acetic anhydride, is a very useful laboratory reagent com- 
monly used to introduce the acetyl group, H3CC(O)-, into organic compounds. It is a mobile 
liquid with a sharp, irritating odor. Anhydrides are less sensitive to nucleophilic attack than are 
acid halides. For example, while acetyl chloride reacts instantly and violently with water to form 
acetic acid, acetic anhydride needs to be boiled for several minutes with water to accomplish 
total hydrolysis. In cold water, acetic anhydride hydrolyzes rather slowly, requiring several 
hours to reach completion. Figure 21.14 illustrates the hydrolysis reaction of an anhydride. 

Although special methods exist for the preparation of individual anhydrides, the general 
method of considerable utility involves the reaction of a carboxylate salt with an acid halide. An 
example of this type of reaction is shown in Equation 21.22. 


O O 
| И | 
сн (сн); €^ O^ "ча с“ С снсв 97 
sodium heptanoate heptanoyl chloride 


O O 
| 1 
CH4(CHj)s “Со (CH) sCH3 


heptanoic anhydride 
6096 yield 
(Eq. 21.22) 


We can use this method to prepare either symmetric or unsymmetric anhydrides. In general, 
unsymmetric anhydrides (derived from two different carboxylic acids) are of little use for 
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T 
R^ 70-7 ов ке тон НОС ^R 


FicuRE 21.14 Reaction of a carboxylic anhydride with water. Two equivalents of the 
carboxylic acid form in this reaction. Reversal of the reaction requires a 
dehydrating agent to remove one molecule of water from the two 
carboxylic acid molecules. 


organic synthesis. Mixed anhydrides of carboxylic acids and other types of acids are of some 
interest and are particularly important in biological processes. 


Special Topic 


Biological Anhydrides 


Anhydride linkages are present in a variety of molecules that are involved in the normal metabolic 
processes of living organisms. Any anhydride is generally reactive toward nucleophilic reagents. In 
biological systems, anhydrides facilitate the formation of a new bond between the original acidic 
center and an attacking nucleophile. 

Biological anhydrides are generally not of the symmetrical carboxylic type; usually at least one 
part is related to an inorganic acid. Two biologically important anhydrides, acetyl phosphate and 
adenosine diphosphate, are shown below, along with a schematic representation of their chemical 
origins in parent acids. A similar schematic is shown for acetic anhydride to demonstrate the related 
natures of organic and biological anhydrides. 


Parent Acids Anhydride 
O O O O 
| | | | 
С С С 
меен jenes еу meters 
acetic acid acetic acid acetic anhydride 


(a simple carboxylic 


anhydride) 
O O 
[| | 
С 
ли utorom, >  mc^C-o- rog, 
acetic acid phosphoric acid acetyl phosphate 
(a mixed 


carboxylic/phosphoric 
anhydride) 
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OH OH 
phosphoric acid => 


adenosine monophosphate 


NH, 
N ~ 
N 
o o 4 | 
|| || 2 
N N 
О 


НО ОН 


adenosine diphosphate 


(a phosphoric 
anhydride) 


Anhydrides of this general type are involved in biological systems in the formation of a variety of 
types of ester linkages such as phosphate esters, which were discussed in Chapter 6, and will be dis- 
cussed in more detail in Chapter 28. General concepts regarding “anhydrides” along with their 
structural components and anticipated modes of reactivity will also be discussed in following sections. 


Carboxylic Acid €sters We discussed esters previously (Chapter 6) in our study of alco- 
hols. Structurally, we can view esters as molecules derived from a parent alcohol and a parent 
acid, as is illustrated schematically in Figure 21.15. 


0 о 
|| су T 
w-o[m _ m-op*-a вов 


Figure 21.15 Schematic relationship of an ester to a carboxylic acid and an alcohol. The 
nomenclature of esters reflects the names of the parent alcohol and acid. For 
example, the ester formed from benzyl alcohol and acetic acid is benzyl acetate. 
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Esters of carboxylic acids can be prepared in numerous ways. The simplest is direct reaction 
of a carboxylic acid with an alcohol under conditions of acid catalysis, a procedure known as 
Fischer esterification. A molecule of water is produced as the by-product in this type of reac- 
tion. An example is shown in Equation 21.23. The mechanism of the Fischer esterification 
involves simply a series of acid-base equilibria. 


O 
H5S04 | 
(СНузССН;СО;Н + CH3CH,0H —————- (CH3)3CCH2~ -ОСН›СН3 


3,3-dimethylbutanoic acid ethyl 3,3-dimethylbutanoate 
77% yield 
(Eq. 21.23) 


Acid-Catalyzed Esterification of a Carboxylic Acid 


Step 1 Protonation of the carboxylic acid. 


T 
O OH OH 
|| + — > || <->» | 
„ч == «ча Eo 
R OH R OH R OH 


Step 2 Nucleophilic attack by an alcohol. 


H 
он и С он + 
' тв! 
E + HO—R' > „с“ 
R OH R OH 


Steps 3 and 4 Proton transfer (B: is some suitable base present in solution) 


H 
OH х | в ——> ОН + 
9 + В Же" + Н-В 
R^ Тон R^ Тон 
+ 
407% һ он, 
19-ы * H-B - bcc an + :B 
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Step 5 Water loss. 


+ 
M2 o О 
— + 

: У“ SR! —_— C У“ NR' + H,O 

R^ "oH R^ "oH 
Step 6 Deprotonation. 

+ O О + 
С — ^R +B a || + HB 


ч С 
R ойы“, R^ ~or' 


This mechanism is quite important and has several points that we need to consider. First, all 
steps are equilibrium processes, so the entire sequence is completely reversible. Thus, we should 
be able to synthesize a carboxylic acid and an alcohol from an ester, as well as an ester from a 
carboxylic acid and alcohol. This is, in fact, the situation. We can cause the reaction to proceed 
toward the ester or toward the carboxylic acid by choosing appropriate reaction conditions. If we 
wish to prepare an ester from a carboxylic acid, we generally use an excess of the alcohol and/or 
remove one of the products from reaction mixture (water) as it is formed (see Chapter 19). To pre- 
pare an acid from an ester, we choose conditions that shift the equilibrium in the opposite 
direction. Specifically, the ester is heated with a large excess of water and a catalytic amount of 
acid; we say that we are hydrolyzing the ester to its parent carboxylic acid and alcohol. 

A second important point concerning this mechanism is that it explains the experimental 
observation that the two oxygen atoms of the product arise from different sources. The carbonyl- 
type oxygen atom is derived from the carboxylic acid, but the ether-type oxygen atom comes 
from the alcohol. 

Molecules containing both a hydroxyl group and a carboxylic acid group can undergo 
intramolecular ester formation. The product of such a reaction is a cyclic ester known as a 
lactone. An example is shown in Equation 21.24. Lactones form most readily when the ring 
contains five, six, or seven members. We refer to these respectively as ү-, 9-, and £- lactones. 
Thus, the lactone shown in Equation 21.24 is an €-lactone. Smaller (< 4 members) rings form 
only with difficulty because of strain involved in forming the ring. Larger (2 8 members) rings 
form with poor efficiency as a result of the statistical improbability that the two distant ends of 
a single, open-chain precursor will approach sufficiently close enough to react. 


P — CH43C6H4SO34H 
HOCH;(CH5),CH5CO;H 
XCH334CH2C0? heat, СН; 
9 О 
6-hydroxyhexanoic acid €-caprolactone 
43% yield (Eq. 21.24) 


Dicyclohexylcarbodiimide (DCC, 21.11) facilitates ester formation from a carboxylic acid 
and an alcohol. An example of the use of this reagent is shown in Equation 21.25. In this type 
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of reaction, DCC serves two purposes. First, it converts the -ОН of the carboxyl group to a 
much better leaving group, and second, overall it picks up the elements of water that are elimi- 
nated in the ester-forming process, thus preventing the reaction from reversing. The reaction 
proceeds by a series of acid-base reactions and usually requires a catalytic amount of acid, such 
as p-toluenesulfonic acid or phosphoric acid, for initiation. The details of the mechanism are 
provided here. (Note that the intermediate formed in Step 3 resembles structurally a carboxylic 
anhydride in that it has an oxygen atom joining two carbon atoms, each of which is doubly 
bound to a more electronegative atom (O and N). 


Фа, 


21.11 
dicyclohexylcarbodiimide 


DCC 
C;H5CH5CH59CO9H + (СННОН > > 
mo P—CH3C,.H4SO3H 
2-phenylpropanoic acid — 2-propanol 


О 
|| 
C,HsCH)CH, ~ © OCH(CHj); 


isopropyl 2-phenylpropanoate 


99% yield 
(Eq. 21.25) 


DCC-Mediated Coupling of a Carboxylic Acid and an Alcohol 


Step 1 Protonation of DCC. К represents the cyclohexyl group. 


qM. + ---- Ny + 
R—N=C=N—R+H ^^ жа " > R^ Te. 
Е S R n< È 
т | 
H H 
Step 2 Nucleophilic attack by the carboxylic acid. 
H 
Ж g a 
7 N О 7 ~ ' 
С ' С R 
б ‘oR uc бн бе № SOR 


844 ORGANIC CHEMISTRY 


Step 3 Proton transfer. 


O 
H О 7 
СЄ \ Z о-с 
қ + o= М / N 
“~ | ХЕ 
p. RÈ N 
N | 
| H 


B: 
R 


Step 4 Nucleophilic addition by the alcohol. 


О н 
20 | da 
өе аны " о РИ 
Na / \ 7 А R' 
R^ Cc, вк .m-—o-Hz—* К а 
N^ К 
| H 
Step 5 Proton transfer. 
О н 
О | оз 
"d NRI NR" + B << 
рак 
1 
Н 
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Step 6 Formation of products. Dicyclohexylurea is formed as a by-product. 


H n 
| Ox 70 H H 
+ C b — " 
Мы ш ү Си" | |, O —R 
E E R' << —— ^N. ANS о=С 
\-R R || TU 


Carboxylic Acid Amides Amides are derivatives of oxyacids in which an – МЕ (or an -NH; 
or an —МНК) group is present in place of the -ОН of the parent acid. Examples of inorganic and 
carboxylic acid amides are shown in Figure 21.16. 

Amides can be prepared by the reaction of ammonia or an amine with a suitable carboxylate 
derivatives, as shown in Figure 21.17. 

Carboxylic acids (G = OH) are not good substrates for this reaction. Instead, carboxylic 
acids react with amines and ammonia to form salts of the general formula КСО» АМН“. In such 


| 
HN— | —NH, O — P[N(CH3);ls 
O 
sulfamide hexamethylphosphorictriamide 
O 
О | 
| C~ N(CH») 
виа N,N-dimethylbenzamide 
(acetamide) 


FIGURE 21.16 Inorganic and carboxylic acid amides. We can think of a carboxylic amide as 
being derived from a parent amine (or ammonia) and a parent carboxylic 
acid. This derivation is reflected in their nomenclature, as shown. 


О О 
T || 
---- C 
в-С-с NH; R^ "NH; 
(or RNH, (or — NHR 
or R,NH) or МЕ) 


Figure 21.17 Preparation of amides. The reaction involves nucleophilic attack by 
ammonia or an amine on the carboxyl carbon. The group G is displaced. 
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reactions the ammonia (or amine) acts as a Brgnsted base rather than as a nucleophile. The -OH 
group is not involved in any way as a leaving group. 

It is possible to convert the ammonium salts of some carboxylic acids into amides by heat- 
ing. The carboxylic acid is heated strongly with ammonia or an amine. Under these conditions, 
the salt that forms initially decomposes to form an amide. An example is shown in Equation 
21.26. In general, however, this is not the method of choice for preparing amides. 


O 
CH;(CH3);CO,H Hs снусн,; 6 
3 2/5 2 190°C 3 2/5 \ 
МН, 
heptanoic acid heptanamide 
7596 yield (Eq. 21.26) 


A much better approach for preparing amides is to treat the appropriate acid chloride with 
ammonia or an amine. An example is shown in Equation 21.27. 


O O 
| | 
CY УСІ + HN(CH3), ми. 
dimethylamine 
cyclohexanecarbonyl chloride N,N-dimethylcyclohexanecarboxamide 
86% yield 


(Eq. 21.27) 


DCC can also be used to couple amines and carboxylic acids. An example is shown in 
Equation 21.28. This use is analogous to its previously discussed use for coupling alcohols and 
carboxylic acids to produce esters. 


NH) 
DCC 
— 
BrCH,CH,CO,H + CH,Cl, 
СНЗО OCH; 
3-bromopropanoic acid 3,5-dimethoxyaniline OCH; 
O 
" OCH; 
BrCHCH; Kem NH 


N-(3,5-dimethoxyphenyl)-3-bromopropionamide 
7896 yield 
(Eq. 21.28) 
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THE a-HALOGENATION OF CARBOXYLIC ACIDS 


The preparation of an c«-halocarboxylic acid directly from the parent carboxylic acid is an 
important reaction. It provides starting material for the preparation of other o-substituted acid 
derivatives. A common approach is to allow the parent acid to react with a mixture of halogen 
(generally bromine) and a phosphorus trihalide (such as phosphorus tribromide). This treatment 
produces the a-haloacid halide, which upon workup with water, gives the free o-haloacid. This 
procedure is known as the Hell-Volhard-Zelinskii reaction. 

The reagents originally used in this reaction were bromine and elemental phosphorus. It was 
soon recognized, however, that the initial reaction involved the formation of phosphorus 
tribromide by reaction of the elemental phosphorus and the bromine. Bromine itself does not 
accomplish the conversion. The role of the phosphorus tribromide is to convert the carboxylic 
acid to the acid bromide. The enol form of the acid bromide then reacts with elemental bromine 
to form the &-bromoacid bromide. The mechanism is summarized here. It is necessary to gen- 
erate the acid bromide prior to reaction with bromine because the carboxylic acid itself does not 
form the enol sufficiently for facile reaction to occur, while the acid bromide readily generates 
a sufficient quantity of the enol form. 


The Hell-Volhard-Zelinskii Reaction 
OVERALL REACTION: 


| PBr3 н 7 
д 
> 
RCH, OH Вг; m зори 
/ 
Вг 


Step 1 Acid bromide formation. The mechanism is as shown previously. 


O 
| PBr; 
= + | 


C 
Ра ~ 
RCH; OH RCH,- С~вг 


Step 2 Keto-enol tautomerism. See Chapter 15 for a discussion of this phenomenon. 
OH 


| — y> 
C 
ЕСН, Br 
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Step 3 Bromination. 


UH 
О 
p ---- : H* B 
с? r RC" eur + + r 
b ZU 
ЈЕ Н Вг 


Steps 4–6 Hydrolysis. 


|| \ 
A ^ Br ------>- кс“ E i 
N 2 
H Br H,O H Br + 
(0) 
Ve жш \ 
ЕС ^C Br —_ > + 
\ Он; КС тон + Br 
H Br + ӘХ 
н Вг 
О 
M | 
ЕС“ ou, + Br ——> кс Сон + НВг 
ux ZX 
E H Br 


An example of the Hell-Volhard-Zelinskii reaction is shown in Equation 21.29. With 
proper care, the intermediate o--halogenated acid halide is isolable. In later chapters we will see 
reactions that use o-halocarboxylic acids for the preparation of a variety of compounds. 
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Br; 
CH3(CH5),3CH;CO;H E d CH5(CH5),3CHBrCOBr 
r3 
hexadecanoic acid a-bromohexadecanoyl bromide 
96% yield 
H50 


CH3(CH2);3CHBrCOBr  — CH34(CH;),;3CHBrCO;H 


2-bromohexadecanoic acid 
92% yield (Eq. 21.29) 


REDUCTIONS or CARBOXYLIC ACIDS 


Carboxylic acids represent the highest oxidation 


Chemical Biography 


state of carbon in the series: JACOB VOLHARD 
hydrocarbon « 1? alcohol « aldehyde « car- b. 1834 
boxylic acid d. 1910 
Therefore, the conversion of carboxylic acids to Ph.D. University of Giessen 


aldehydes, alcohols, and hydrocarbons requires (Liebig) 1863 
reduction. Several methods of reduction are 
described here. 


Lithium Aluminum Hydride Reduction Carboxylic acids undergo reaction with the 
powerful reducing agent lithium aluminum hydride (ДАН) to give alkoxide salts. The free 
alcohol is obtained upon workup of the reaction with aqueous acid. Since lithium aluminum 
hydride also reacts with other functional groups, we can not use it to reduce a carboxyl group 
selectively in the presence of other reducible functional groups, such as aldehydes and ketones. 

A general difficulty associated with lithium aluminum hydride reductions of carboxylic 
acids is the selection of solvent in which both reactants dissolve. Many carboxylic acids dissolve 
well in protic polar solvents such as alcohols, but these solvents are incompatible with the use 
of LiAIH, (they would immediately react with it, producing hydrogen gas). Instead, ether sol- 
vents must be used, but typically carboxylic acids have only limited solubility in ether solvents. 
Reduction can nevertheless be accomplished, even under these circumstances, as shown in 
Equation 21.30. Because of the solubility problem, it is often more convenient to reduce a deriv- 
ative of a carboxylic acid than the carboxylic acid itself. This procedure will be discussed in 
more detail in Chapter 22. 


1. ДАНА, THF, 3 hours, heat 
C&;H5CO5H = ———————————————————» C,H;CH,OH 
2. aq. acid 
benzoic acid benzyl alcohol 


91% yield (Eq. 21.30) 
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Borane Reductions Complexes of borane, such as the borane-tetrahydrofuran complex, 
provide a convenient alternative to lithium aluminum hydride for the reduction of carboxylic 
acids. Reduction of the carboxyl group occurs readily to form a primary alcohol at room tem- 
perature without disturbing other functional groups that are sensitive to lithium aluminum 
hydride. An example is shown in Equation 21.31. If lithium aluminum hydride were used for 
this conversion, reduction of the -CN group to —СН»МН» would also occur. 


- + 
COH нув—О, | CH,0H 
= 
CN CN 
p-cyanobenzoic acid p-cyanobenzyl alcohol 
82% yield (Eq. 21.31) 


In this discussion of reductions, no mention has been made of reagents that will reduce a car- 
boxylic acid directly to an aldehyde. This is because there has not been uncovered any general, 
one-step method for this conversion. A common procedure for accomplishing this conversion 
involves two steps, first converting the carboxylic acid into a derivative, such as an acid chlo- 
ride, for which a reagent system is available for reduction to an aldehyde (see Chapter 22). 
Alternatively, the carboxylic acid can be reduced to an alcohol, and then the alcohol can be oxi- 
dized under controlled conditions to an aldehyde. 


DECARBOXYLATION OF CARBOXYLIC ACIDS 


Direct Decarboxylation The removal of a carboxyl group from an organic molecule and its 
replacement (by hydrogen, halogen, or some other atom or group) is known as decarboxylation. 

The ease with which carboxylic acids undergo decarboxylation varies greatly with structure. 
Some carboxylic acids undergo decarboxylation readily upon heating. Others require more dras- 
tic conditions. 

Two types of carboxylic acids that undergo decarboxylation under particularly mild condi- 
tions are those related to malonic acid (21.12) and acetoacetic acid (21.12). Examples of facile 
decarboxylations of carboxylic acids in these categories (known as B-diacids and В-Кегосаг- 
boxylic acids) are shown in Equation 21.32 and Equation 21.33. 


O 
|| 
7 С. 
НО, С-СН,-СО,Н НО, С-СНо СН; 
21.12 21.13 
malonic acid acetoacetic acid 
H5SO, 
CH3CH, да БЕЛЕШ СН3СН» EE ЧН 
еа 
СН; СН; 


65% yield (Eq. 21.32) 
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O O 
п H5S0, | 
НЗС PFN и ис ој — > Н.С ИМ CH;CH;CH;CH;CH; 
heat 
COjH 61% yield (Ед. 21.33) 


The mechanism by which a B-ketocarboxylic acid (or B-diacid) undergoes decarboxylation 
is illustrated here. The reaction occurs via a cyclic six-membered activated complex. The acidic 
hydrogen of the carboxyl group is transferred intramolecularly to the oxygen at the B-position 
with the accompanying loss of carbon dioxide. The immediate product of this fragmentation is 
the decarboxylated species, the enol form of the simple ketone (or acid). At equilibrium, the keto 
form by far dominates the initially formed enol structure. 

The intermediate enol form of the decarboxylated material is crucial to the overall process. 
If such an enol can not form or is highly destabilized, decarboxylation will not occur. A rather 
interesting example of this phenomenon exists with certain bicyclic systems. If the enol that 
would be formed has a double bond to a bridgehead carbon atom, it is highly destabilized and 
will not form. The reason for this instability lies in the structural constraints imposed on the 
bicyclic system, as illustrated in Figure 21.18. 


H5SO,, heat 
COH O 
O - 2 
СН; 
СН; 
СН; 
СН; 
Н 
| 
— 0 
СН; 
СН; 


This enol can not form since 
the т bond indicated can not 
have p orbital components 
parallel to each other. 


FIGURE 21.18 Lack of decarboxylation for a bicyclic B-ketoacid. The enol form of the 
potential product is highly unstable because it involves a double bond to the 
bridgehead carbon of a bicyclo[2.2.1]heptane structure. The contributing p 
orbitals for the x bond can not be parallel, and thus the x bond is greatly 
weakened (isn't able to exist). Because the intermediate can not form, no 
overall decarboxylation occurs. 
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Decarboxylation of a p-Ketocarboxylic Acid 


Step 1 Intramolecular transfer of hydrogen with simultaneous carbon-carbon bond cleavage. 


Step 2 Keto-enol tautomerism. 


H 
07 (0) 
PN A 
<= 
R R 


The Hunsdiecker Reaction In the Hunsdiecker reaction a bromine atom takes the place 
of a carboxylic acid group. Thus, the overall reaction is conversion of ЕСОЭН to RBr. To cause 
the reaction to occur, a silver salt of a carboxylic acid is allowed to react with bromine. Two 
examples of the Hunsdiecker reaction are shown in Equation 21.34 and Equation 21.35. 


Вг, 
CH35(CH5)gCH5CO,Ag А» CH3(CH5)gCH5Br 
CCl4 
silver dodecanoate 1-bromoundecane 
67% yield (Eq. 21.34) 
CO,Ag Br 
Вг, 
Сс 
NO, NO, 
silver p-nitrobenzoate p-nitrobromobenzene 
79% yield (Eq. 21.35) 


The Hunsdiecker reaction occurs according to the mechanism as shown here. 


REACTIONS WITH ORGANOMETALLICS 


Carboxylic acids react as Brgnsted acids upon treatment with organometallic substances. Even acids 
as weak as carboxylic acids react immediately with the strong basic sites of typical organometallics. 
Once the carboxylate anion has been formed, further reaction with the organometallic is retarded. 
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The Hunsdiecker Reaction 


Step 1 Nucleophilic attack of carboxylate on bromine. 


О о 
ли I 
С А к. о 
в7 ^O + Br—Br к^ “0 


—Br + AgBr 


Step 2 Chain-initating step 


| a heat 


В ~O—Br R^ “0 


+ Br 


AZO 


+R е wx + RBr 


Step 5 Chain-termination step. 


R + Br ----> RBr 


With organometallics such as Grignard reagents, the carboxylate anion undergoes no further reac- 
tion. However, alkyllithium (and aryllithium) reagents are sufficiently nucleophilic that they attack 
the carboxyl carbon of carboxylate anions. These reagents are of use for the synthesis of ketones 
from carboxylic acids. Two examples are shown in Equation 21.36 and Equation 21.37. (See 
Section 11.5 for a discussion of this type of reaction.) 


O 
СНУ | 
C&;H5CH5CO;H gr C;H5CH57 ^ CH; 
ether 
phenylacetic acid (aq. acid benzyl methyl ketone 


workup) 76% yield (Eq. 21.36) 
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O 
саны b 
CH3CH;CO;H see CH3CH,~ ~ ~C,Hs 
propanoic acid (aq. acid propiophenone 
workup) 82% yield (Eq. 21.37) 


While these reactions proceed in reasonable yield based on the starting carboxylic acid, they 
consume an extra equivalent of the organometallic. The first equivalent of organometallic reacts 
with the carboxylic acid as a base to form the carboxylate salt. The second equivalent of alkyllithium 
(aryllithium) reagent attacks the carboxyl carbon as a nucleophile to form the ketone. The reaction 
requires workup using aqueous acid. The final step of the mechanism is loss of water from the 


ketone hydrate to generate the ketone itself. (This type of process was discussed in Section 19.8.) 


Most other organometallic reagents, such as Grignard reagents, are insufficiently nucleophilic 
to add to the carboxyl carbon of a carboxylate anion. A Grignard reagent simply removes the acidic 


hydrogen from the carboxylic acid (Step 1 in the mechanism), and there is no further reaction. 


Reaction of an Alkyllithium (or Aryllithium) Reagent with 
a Carboxylic Acid 


Step 1 Deprotonation. 


[ K ~ m 
Н -R'—Li — >» Li* А 
RCH,” “о” ксн, о +R'H 
Step 2 Nucleophilic addition. 
n О оі 
C Li* | Z 
RCH,~ ЗИ 2и > RCH, E —0 
R' 
Step 3 Protonation. 
О 10 OH 
| | 


R' в: 
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Steps 4 Loss of water. 


їй f 

RCH, —C —OH —— pow + HO 
| RCH; R' 
R' 


21.7 IR AND NMR SPECTRA OF CARBOXYLIC ACIDS 


IR SPECTRA IN SOLUTION 


The most characteristic IR signature of a carboxylic acid is a very broad absorption band stretch- 
ing from ~2500 cm! to above 3000 cm:!. We associate this band with a hydrogen-bonded О-Н 
stretch. (A free hydroxyl band appears at higher frequency.) In the carbonyl region of the IR, 
carboxylic acids exhibit bands near 1760 cm! (monomer form) and 1710 cm? (dimer form). 
(Refer to Section 21.3 to review the monomer and dimer forms of carboxylic acids.) If there is 
conjugation of the carboxyl group with other x linkages, these values are lowered by ~20 cm: 

Salts of carboxylic acids exhibit none of the above features. Instead, they exhibit character- 
istic bands in the 1550-1610 cm! region and at ~1400 спа“. 


1H NMR SPECTRA 


The acidic proton of a carboxylic acid produces a signal that is usually broad and appears in the 
region 10-13 6. This proton is exchangeable with deuterium of a solvent containing the -OD 
linkage, such as рО. Thus, the signal disappears when a carboxylic acid is examined in РО 
solution. (The exchangeable proton can be seen in the HOD signal of the spectrum.) Protons of 
the a-carbon position come into resonance in the same region as do those of aldehydes and 
ketones. 


13C NMR 5РЕСТВА 


The carboxyl carbon atom produces a signal in the region 170—180 ppm downfield from TMS 
in the ЗС NMR spectrum. 


* Carboxylic acids are organic compounds that are weakly acidic on an absolute scale, but 
are significantly more acidic than most other organic compounds. 


¢ Upon removal of the acidic hydrogen from the free carboxylic acid molecule, a reso- 
nance-stabilized carboxylate anion forms. Its negative charge is delocalized over the pair 
of oxygen atoms of the carboxylate group. 


* Substituents located near the carboxyl group have an important influence on the acidity 
of the substance. For example, electron-donating groups destabilize the anion and thus 
reduce the acidity of the parent molecule. 
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Solvation effects are also important in influencing acidity. 


There is a variety of methods for the synthesis of carboxylic acids, including oxidations 
of alcohols, aldehydes, and methyl ketones, as well as the carbonation of organometallics. 


Carboxylic acids can also be prepared by the hydrolysis of nitriles. 


Many simple derivatives of carboxylic acids can be prepared with relative ease. The most 
important of these are acid halides, acid anhydrides, esters, and amides. 


The carboxyl group can be reduced to a primary alcohol with relative ease. Stopping the 
reaction at the intermediate aldehyde stage requires special reaction conditions or the pre- 
liminary preparation of one of the carboxylic acid derivatives. 


Decarboxylation reactions remove a carboxyl group from a molecule. Molecules con- 
taining other nearby functional groups with which the carboxyl group can interact (such 
as a carbonyl group or another carboxyl group) undergo facile decarboxylation. The car- 
boxyl group is replaced by hydrogen. In the absence of such proximate functional groups, 
we can still achieve decarboxylation by using the Hunsdiecker reaction to replace the car- 
boxyl carbon with a halogen. 


A halogen atom can be introduced at the o-position of the carboxylic acid by reaction 
with a phosphorus trihalide and halogen. 


Most organometallic reagents simply remove the acidic hydrogen from a carboxylic acid, 
forming a carboxylate anion. However, alkyllithium (and aryllithium) reagents are suffi- 
ciently nucleophilic that they react further, attacking the carboxylate anion. This method 
is used for the synthesis of ketones from carboxylic acids. 


Terms to Remember 


carboxyl group carbonation Hell-Volhard-Zelinskii 
fatty acids carboxyl derivatives reaction 
polyunsaturated fatty acids anhydride decarboxylation 
carboxylate ion Fischer esterification Hunsdiecker reaction 
soaps lactone 


Reactions of Synthetic Utility 


162. 


163. 


164. 


1. CO; 
RMgX ————— —- КСО,Н 
2. aq. acid 


aq. acid, heat 
RCN -------” RCOjH 


inorganic acid halides 
ЕСОН п КСОСІ 


(5ОСІ,, РСЬ, РС15) 


165. 


166. 


167. 


168. 


169. 


170. 


171. 


172. 


173. 


174. 


175. 


176. 
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(СєН5)з P, CCly 


всон  —$—537—7* ксос 
о о 
всоа + всо "м — H 1 
K o ~i 
О 
bo. 
acid 
всон+вон —— —- ВЕ” ^o^ 
О 
сок 
DCC 
всон+ кон ————- в ^o^ 
| | 
C +HNR, --- C 
n ^G u^ "NR, 
G = CI, RO, RCO, 
О 
um DCC | 
RCOH«HNR, --- 
2 2 ве "NR, 
1. PBr3, Br; 
R,CHCO,H — — —— ——»  R;CBrCO;H 
2. water 
ПАША 


КСО Н ———————> RCH; ОН 
ад. acid workup 


H3B-THF 
RCO;H —— — — — — — —- КСН,ОН 


O kedi О 
„Д со — pu 


Виа Br; 
RCO, *Ag | — ———e ЕВ: 
СС 


R'Li 
КСОЭН д RC(O)R' 
acid workup 
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Problem 21.1 


Give the IUPAC name for each of the following structures: 


a) ju 
(CH4CH;); - CCH, CH, CO;H 
b) 
Н.С CH, 
N 
cz 
CH;CH;CO;H 
c) 
H,C 
cH,cH/ OH 
d) 
CH, CH, OCH,CH, СО, H 
e) CO,H 
СН» CH) CH,0H 


(answer) 


Problem 21.2 

Draw structures for each of the following compounds: 
a) 2-bromo-3-ethyl-3-hydroxypentanoic acid 

b) 4«2-aminoethyl)-2-hydroxybenzoic acid 


с) (R)-2-aminopropanoic acid 


(answer) 


Problem 21.3 


Suggest a synthesis for adipic acid, beginning with cyclohexanol. 


(answer) 


Problem 21.4 


Which acid, oxalic ог malonic, would you expect to have the larger Kaı/Ka ratio? Explain 
your answer. 


(answer) 


Problem 21.5 


It might be anticipated that Kai/Ka2 for very long chain carboxylic acids 
[HO;C(CH;),CO:;H, where n is a very large number] would have a value of unity (1) 
since the carboxylic acid groups would act independently. Actually, the value of Kai/Ka2 
for such molecules is 4. Provide an explanation for this observation. 


(answer) 


Problem 21.6 


Draw a structure for potassium 3-chloropropanoate and describe how to prepare it and 
isolate it using 3-chloropropanoic acid as a starting material. 


(answer) 


Problem 21.7 


What volume of 0.200 M sodium hydroxide (aqueous solution) is needed to titrate exactly 
0.25 g of benzoic acid to neutrality? 


(answer) 


Problem 21.8 


Write a mechanism for the reaction shown in Equation 21.15. 


(answer) 


Problem 21.9 


Outline a synthesis of НО>С(СН2)5СОЭН starting with cyclopentene. 


(answer) 


Problem 21.10 


Show how to accomplish each of the following syntheses: 


a) 
b) 
с) 
d) 


е) 


pentanoic acid from 1-pentene 

butanoic acid from 1-pentene 

hexanoic acid from 1-ретепе 
rac-2-methylbutanoic acid from 1-butene 
benzoic acid from benzene 


p-nitrobenzoic acid from benzene 


(answer) 


Problem 21.11 


Based on leaving-group ability, predict the relative reactivities of the following 
derivatives toward nucleophiles 


anhydrides 
amides 

esters 
carboxylic acids 


(The order predicted by leaving-group ability is that which is observed experimentally. 
However, see section 22.2 for a further discussion.) 


(answer) 


Problem 21.12 
Describe two ways to prepare acetic benzoic anhydride. 


(answer) 


Problem 21.13 


Name the organic products you would expect from the reaction of acetic anhydride with 
each of the following: 


a) methanol 
b) ammonia 


(answer) 


Problem 21.14 
Ketene (Н>С-С-О) can be prepared by the pyrolysis of acetic acid at 700°C. Ketene 
reacts with acetic acid to form acetic anhydride. Write a mechanism for this preparation 


of acetic anhydride. 


(answer) 


Problem 21.15 


What products would you expect from the reaction of ketene (Problem 21.14) with each 
of the following compounds: 


a) hydrogen chloride 
b) ammonia 
с) ethanol 


(answer) 


Problem 21.16 


Write the structure of benzyl acetate, which is formed in the esterification of acetic acid 
with benzyl alcohol. 


(answer) 


Problem 21.17 


Name the esters whose structures are shown. 


a) о 
П 
% 
ж 
O^ Усн,сн, 
b) 
П 
СН.) СН. „с 


(answer) 


Problem 21.18 


Verify that the mechanism as illustrated is truly catalytic in acid. Specifically, note the 
steps in which Н” is consumed and those in which Н” is generated. 


(answer) 


Problem 21.19 


Suppose that we treat benzoic acid under each of the sets of conditions listed below. At 
the end of the reaction, where will the |0 isotopic label be located in the product? 
Estimate the percentage of the product molecules that contain the 180 label. 


a) Benzoic acid (containing only 160) in reaction with ethanol (CH4CH;' ОН, 10096 
isotopically pure) in benzene with a catalytic amount of sulfuric acid. Water is removed 
using a Dean-Stark trap. 


b) Benzoic acid (one of two oxygens in each molecule is 10) in reaction with 
ethanol (containing only 160) in benzene with a catalytic amount of sulfuric acid. Water 
is removed using a Dean-Stark trap. 


с) Benzoic acid (containing only !О) is heated with an aqueous solution of sulfuric 
acid in which all of the oxygen is 60. 


(answer) 


Problem 21.20 


An organic chemistry student attempted to perform the reaction shown in Equation 21.24 
using 20 grams of the 6-hydroxyhexanoic acid in a solution of benzene with a total 
volume of 100 mL. He obtained less than 10% yield of the target material, along with a 
much larger quantity of intractable high molecular weight "garbage." What went wrong 
in this reaction? How could he have prevented this difficulty and obtained a better yield 
of the target material? 


(answer) 


Problem 21.21 
In the first step of the mechanism of ester formation using DCC, two resonance structures 


for a resonance-stabilized cation are shown. Give a third resonance structure for this 
cation. 


(answer) 


Problem 21.22 


Draw structures for each of the following: 


a) cyclohexyl acetate 
b) p-nitrobenzyl benzoate 
с) sec-butyl formate 


d) isobutyl 3-phenylpropanoate 
e) ethyl a-bromopropanoate 
f) diethyl adipate 


g) methyl 2-methylbutanoate 


(answer) 


Problem 21.23 


Suggest a structure for a compound of formula C6HsO. that is formed when lactic acid 
[CH3CH(OH)CO;H| is heated. 


(answer) 


Problem 21.24 


Propose syntheses for each of the following esters from the indicated starting materials 
and methanol or ethanol, using any needed inorganic reagents. 


a) methyl 2,2-dimethylpropanoate from 3,3-dimethyl-2-butanone 
b) ethyl hexanoate from 1-hexanol 


с) methyl pentanoate from 1-bromobutane 


(answer) 


Problem 21.25 

Draw structures for each of the following: 
a) N-phenylacetamide 

b) N,N-dimethylbutyramide 


с) phenylacetamide 


(answer) 


Problem 21.26 


You might anticipate that amide formation from ammonia and a carboxylic acid would be 
promoted by a catalytic amount of acid that, in principle, could convert the poor leaving 
group, -OH, into a better leaving group, -OH2*, and encourage nucleophilic attack by 
ammonia. However, while the treatment of benzoic acid with methanol in the presence of 
a catalytic amount of acid is effective for the preparation of methyl benzoate, treating 
benzoic acid and ammonia with a catalytic amount of sulfuric acid is not effective for the 
preparation of benzamide. Explain why the latter preparation is not feasible. 


(answer) 


Problem 21.27 


Write out in detail the mechanism for the DCC-mediated coupling of an amine (RNH2) 
and a carboxylic acid, (КСО,Н) to form an amide. 


(answer) 


Problem 21.28 


If ammonia is heated with carbon dioxide, we obtain a compound known as ammonium 

carbamate. With continued heating, ammonium carbamate decomposes to urea (CH4N;O) 
; 10 

and water. Suggest structures for ammonium carbamate and urea. More than 10 pounds 

of urea are produced annually in the United States by this method. The urea is used 

mainly as fertilizer. 


(answer) 


Problem 21.29 


Treatment of 0.1 mole of benzoic acid with 0.04 mole of lithium aluminum hydride 
provides reduction of only a portion of the acid to the alcohol. All of the lithium 
aluminum hydride is consumed, in spite of the fact that each mole of lithium aluminum 
hydride provides four moles of reducing hydride. Explain the observed result. 


(answer) 


Problem 21.30 


Contemplating the mechanism for the decarboxylation of a B-keto ester, propose а 
mechanism for the decarboxylation of CHsCH2CH(CO2H)2 to butanoic acid. 


(answer) 


Problem 21.31 


Using a set of molecular models, demonstrate the difficulty involved in the formation of 
the enol form of the proposed ketone product shown in Figure 21.18. 


(answer) 


Problem 21.32 


In organic chemistry there is a rule known as Bredt's rule that states that double bonds to 
a bridgehead carbon are very weak or do not form at all. However, chemists have been 
able to prepare such compounds if the bridge linking the bridgeheads is sufficiently long. 
Explain why increasing the length of the bridge (increasing the value of n in the structure 
shown below) should improve the stability of the double bond. (You can use molecular 
models to demonstrate this phenomenon.) 


(CH 5), 


мМ 


(answer) 


Problem 21.33 


For Step 4 of the mechanism, show а complete stepwise loss of water using the curved- 
arrow formalism. 


(answer) 


Problem 21.34 


Explain why salts of carboxylic acids do not exhibit a typical carbonyl stretch in their IR 
spectra. 


(answer) 


Problem 21.35 

Draw structures for each of the following compounds: 

a) 2-phenylbutanoic acid 

b) 2-hydroxy-2-phenylacetic acid 

с) propenoic acid 

d) (Z)-9-octadecenoic acid 

e) benzoic heptanoic anhydride 

f) succinic anhydride 

g) 3-methylbutanamide 

h) N-isopropyl-N-methylbenzamide 

1) 2-methylpropanenitrile (2-methylpropionitrile) 

j isobutyronitrile 

k) sec-butyl 3,5-dinitrobenzoate 

1) N-(4-bromophenyl)acetamide 

m) methoxyacetic acid 

n) o, B, y-tribromo-n-butyric acid 

о) p-methylglutaric acid 

p) potassium propanoate 

q) isobutyryl chloride 

r) a substance of formula СН 120 that reacts with D/NaOH in water to produce 
iodoform and, after acidification, a carboxylic acid of formula C5H 590». The ІҢ NMR 
spectrum of the carboxylic acid consists of two singlets. 

$) а substance of formula C4H4N that on refluxing with mineral acid yields a 


dicarboxylic acid. On heating, the dicarboxylic acid forms a monomeric anhydride that 
has a single peak in its 'H NMR spectrum. 


(answer) 


Problem 21.36 

Provide a systematic name for each of the following compounds: 
a) H2C=CH-CH2CH2CO2H 

b) HOCH,CH(CH;)CO,H 

с) (CH3CH2)3CCO2H 


d) H,C=CHCH,C(O)OCH(CH3)CH»,CH; 


(answer) 


Problem 21.37 

Choose the compound in each pair with the indicated property. Explain your choice. 
a) stronger acid: fluoroacetic acid or bromoacetic acid 

b) stronger acid: (СНз):ССН,СО,Н or СНҘОСН-СО-Н 

с) stronger acid: one with рК,-4огрК,-5 


d) stronger acid: НОССЊСОН or HO;CCH;CH,;CO;H 


e) forms a cyclic anhydride: cis- or trans-cyclopentanedicarboxylic acid 

f) contains C-O bonds of different lengths: formic acid or sodium formate 

g) contains the longer C-O bonds: sodium formate or calcium carbonate 

h) decarboxylates more readily on heating: 1,1-cyclobutanedicarboxylic acid or cis- 


1,2-cyclobutanedicarboxylic acid 


1) undergoes the Hell-Volhard-Zelinskii reaction: benzoic acid or 
cyclohexanecarbox ylic acid 


j more reactive with water: propionyl chloride or propionic anhydride 


k) more readily forms a lactone: cis- or trans-3-hydroxycyclohexanecarboxylic acid 


(answer) 


Problem 21.38 


Give the reaction product of CcHsSCHoCH?CO»?H with each of the following: 


a) 
b) 
с) 
4) 
е) 
f) 


aq. NaOH 

ад. NaCO; 

cold aq. ammonia 

lithium aluminum hydride 

(CeHs)3P/CCl4 

Bro/PBr3 

1-butanol in the presence of acid 

ethylene glycol in the presence of acid 
phenyllithium in ether solution 
methylmagnesium bromide in ether solution 


hot aq. potassium dichromate in sulfuric acid 


(answer) 


Problem 21.39 


Primary amides form hydrogen-bonded dimers similar to those formed by carboxylic 
acids. Show the structure of such a dimer. 


(answer) 


Problem 21.40 


Outline the series of laboratory operations you would use to separate a carboxylic acid 
and an alcohol. 


(answer) 


Problem 21.41 


Which reagent or combination of reagents would you use to convert p-toluic acid (4- 
methylbenzoic acid) into each of the following: 


a) sodium 4-methylbenzoate 
b) terephthalic acid 

с) p*oluamide 

d) 4-methylbenzyl alcohol 


e) 4-methylbenzaldehyde 


(answer) 


Problem 21.42 


Propose methods to accomplish each of the following conversions: 


a) 
b) 
с) 
d) 
e) 
f) 


5) 


benzoic acid into m-nitrobenzoic acid 

benzoic acid into m-bromobenzoic acid 
bromobenzene into benzoic acid 

acetophenone into benzoic acid 

toluene into 3-nitrobenzoic acid 

toluene into p-toluic acid 

phenylacetic acid into phenylmalonic acid 
acetophenone into m-ethylbenzoic acid 
4-methylaniline into p-toluic acid 

2-pentanol into 2-hydroxy-2-methylpentanoic acid 
toluene into N-methyl-p-nitrobenzamide 
cyclohexene into 3-cyclohexylpropanoic acid 
cyclopentane into cyclopentanecarboxylic acid 
cyclohexene into 3-cyclohexylpropanoic acid 
propanoic acid into ethyl 2-chloropropanoate 
p-nitrotoluene into p-nitrophenylacetic acid 
3-methylbutanoic acid into isopropylmalonic acid 
succinic acid into 2,5-dimethyl-2,4-hexadiene 


ethanol into malonic acid 


(answer) 


Problem 21.43 


Propose a mechanism for the reaction of benzene with succinic anhydride in the presence 
of aluminum chloride to produce CSH3C(O)CH;CH;CO;H 


(answer) 


Problem 21.44 


Propose structures for compounds A-O. 


a) 
PBr, heat with acid 
> A ——— В 


CH,CH(CO,H), + Br, 
(САН, BrO 4) (Сане BrO 2) 


b) 
(CH3), CHBr + (C; H5);P --- > С 


CH, CH, CH, CH, Li 


CO, 


H,O 


F + O=P(C 6Н5)з 


(САО) 
с) 
(0) 
aq. acid О 
G + NaBH, — ——— 
workup 
(СеН 503) 


d) 


heat with 


H ---- 1 I 
aq. acid 
(СНО) (C4HgO>) 
ІН NMR: ІН NMR: 
1.3 6; singlet; 1.2 6; doublet; 
relative area 3 relative area 6 
12.1 6; singlet; 2.5 6; multiplet; 
relative area 1 relative area 1 
IR: 12.2 6; singlet; 
2500-3400 сп! relative area 1 
e) 
1 H,, РО, > K 
(СіоН|60;) (Сон |802) | 
optically active optically inactive 
1. Ag;O 
2. Вг; 
KOH, ethanol 
M 4————————— L + CO, 
heat 
(CoH 16) (C9H |7 Br) 
N -bromosuccinimide 
Y 
KOH, ethanol 
S 
h 
(СН Вт) e ozone 


oxidative workup 


Y 


cyclopentanecarboxylic acid 
+ formic acid 


(answer) 


Problem 21.45 


On treatment with lithium aluminum hydride, compound P, of formula СЗН 1002 CH 
NMR: 1.3 6, singlet, 9 H; 11.8 6, singlet, 1 H - IR: broad absorption 2550-3500 сп, 
1735 cm!) yields compound О, of formula С НО (ІН NMR: 0.9 6, singlet, 9H; 2.1 6, 
broad singlet, 1H; 3.2 6, singlet, 2H). Compound Q reacts further with aqueous sulfuric 


acid to form compound R, also of formula C;H;20. Give structures for the compounds P- 
R. 


(answer) 


Problem 21.46 


Compound S, which contains only carbon, hydrogen, and oxygen, gives the following 
carbon/hydrogen combustion analysis: 

C: 40.00%; H: 6.67% 
An aqueous solution of S is acidic and 0.183 g can be neutralized by titration with exactly 
19.80 mL of a 0.103 M NaOH solution. Compound S is oxidized by hot, aqueous basic 
KMnO; solution to T, which is also acidic. On heating, T loses carbon dioxide to form U, 
yet another acidic compound. A sample of U weighing 0.0750 g is neutralized by titration 
with exactly 25.0 mL of a 0.050 M NaOH solution. Assign structures to compounds S-U 
that are consistent with the information given. 


(answer) 


Problem 21.47 


Compound V, of formula C 13Н в, yields W (of formula CsHgO) and X (of formula 

СН оО) upon ozonolysis followed by workup with zinc and water. Compound W has ап 
IR band at 1690 ст" and yields Y (of formula C7H6O2) when treated with chlorine and 
aqueous sodium hydroxide followed by workup with dilute sulfuric acid. The IR 
spectrum of X has a band at 1710 cm’. The ІН NMR spectrum of X exhibits two signals, 
a triplet and a quartet. Suggest structures for compounds V-Y that are consistent with 
these data. 


(answer) 


Problem 21.48 


Decarbox ylation of salts of carboxylic acids can be performed by an electrochemical 
method known as the Kolbe electrolysis. If sodium acetate is electrolyzed, the acetate ion 
undergoes a one-electron oxidation at the anode and then loses carbon dioxide, ultimately 
yielding a molecule of ethane for every two carbon dioxide molecules formed. Use fish- 
hook arrows to show a mechanism for the Kolbe electrolysis, accounting for the 
formation of ethane in the electrolysis of sodium acetate. 


(answer) 


Problem 21.49 
Compound Z is formed upon treatment of toluene with chlorine gas in the presence of 
light. Heating Z with aqueous sodium hydroxide followed by workup with mineral acid 


yields benzoic acid. Give a structure for Z and explain the formation of benzoic acid. 


(answer) 


Problem 21.50 


We can prepare methyl esters of carboxylic acids by allowing them to react with 
diazomethane (H2CN>). Propose a mechanism for the conversion of benzoic acid to 
methyl benzoate using this reagent. 


(answer) 


Problem 21.51 
The treatment of a nitrile, RCN, with a Grignard reagent, R'MgX, yields (after workup 
with aqueous acid) a ketone of structure RC(O)R'. Suggest a mechanism for this 


conversion. 


(answer) 


Problem 21.52 


An amide, AA (formula CaHoNO) exhibits the following features in its 'H NMR 
spectrum: 1.2 6, 6H, doublet; 2.4 6, 1H, septet; 5.9 б, 2H, broad singlet. The compound 
AA is dehydrated upon treatment with the inorganic anhydride phosphorus pentoxide to 
yield compound BB (formula C4H;N). Compound BB reacts with phenylmagnesium 
bromide to yield (after workup with water) compound CC (formula СоН120). compound 
CC reacts with the ylide (C6Hs)3PCH2 to yield 3-methyl-2-phenyl- 1-butene. Suggest 
structures for compounds AA-CC. 


(answer) 


21.1-answer 


a) 
b) 
с) 
4) 


е) 


4-chloro4-ethylhexanoic acid 
4-methyl-4-phenylpentanoic acid 
(S)-3-methyl-3-hydroxypentanoic acid 
3-ethoxypropanoic acid 


m-(3-hydroxy-1-propyl)benzoic acid 


21.2-answer 


а) CH, CH, 
CO,H 
OH 
Br 
b) 
CO,H 
OH 
CH, CH,NH, 
c) 
HN. сон 


H,C H 


21.3-answer 
OH 


acid 


KMnO, 
KOH 
H,O 
heat 


workup with 
aq. acid 


CO,H 
CO,H 


21.4-answer 


Oxalic acid should have the larger Kai/Kaz2 ratio since the "inhibiting" effect of the 
negative charge already present with regard to the second dissociation is greater than it 
would be with malonic acid, for which the charge is at a greater distance and thereby is 
less effective at "inhibiting" the second dissociation. 


21.5-answer 


On a statistical basis, the first dissociation should be twice as large as otherwise expected, 
owing to there being two possibilities for proton donation. However, when considering 
the second dissociation, we must also note that there are two possibilities for the reverse 
process, accepting a proton by the conjugate base. Thereby the second dissociation would 
be only one-half as large as would otherwise be expected. Taking into account both of 
these factors, Kaı/Ka2 would be 4 (2 divided by one-half). 


21.6-answer 
CICH,CH,CO,° + К 
Dissolve the 3-chloropropanoic acid in water and add KHCOs until the bubbling stops 


(evolution of carbon dioxide). Evaporate the water to dryness to give the potassium 3- 
chloropropanoate. 


21.7-answer 


102 mL 


21.8-answer 


KTN HO 
R—C=N: + ОН Eo le 
/ 
R 
"m 
Y 
HO 
ми тон 
/ 
К 
Y 
oH H,O OH _ 
RCNH а R—C—NH 
НО” 
Y 
Е : 
> 
H,O + R—C<NH, ЕСО,Н + NH, 
ГА 


21.9-answer 


1.04 
20 ae 
2. Ni, CH;CO,H 


HOC CHO 
NaBH, 
1. PBr3 
—_—_ 
2. NaCN 
МС СМ HO OH 
aq. acid 
heat 


21.10-answer 


a) 


b) 


с) 


4) 


е) 


|, 
2: 
3. 


H3B-S(CHs3)2 
НО», KOH, ЊО 
KMnO,, KOH, НО, aq. acid workup 


KMnO,, KOH, Н.О, heat, aq. acid workup 


_H;B-S(CH3)> 


НО», КОН, НО 
РВг; 

NaCN 

aq. acid, heat 


. Hg(OAc)2, НО 


NaBH, 
PBr3 
NaCN 


. aq. acid, heat 


. СНУ, AICI, 
. KMnOa, КОН, H20, aq. acid workup 


. СНзЬ АСВ 
. HNO3, Н,804 
. KMnO,, КОН, НОО, aq. acid workup 


21.11-answer 


anhydrides > carboxylic acids > esters > amides 


21.12-answer 
1. Treat acetyl chloride with sodium benzoate. 


2. Treat benzoyl chloride with sodium acetate. 


21.13-answer 
a) methyl acetate 


b) acetamide 


21.14-answer 


H,C=C=0 


> 


21.15-answer 
a) acetyl chloride 
b) acetamide 


с) ethyl acetate 


21.16-answer 


= 


CH, 


21.17-answer 
a) phenyl propanoate 


b) isopropyl benzoate 


21.18-answer 


The steps involving consumption of H* are: 
Step І and Step 4 


The steps involving generation of H* are: 
Step 3 and Step 6 


21.19-answer 


a) The "ether" type oxygen of the product (ethyl benzoate) will be 80 and the 
"carbonyl" type oxygen will be '°O. (The oxygen of the alcohol is retained in the product 
in a Fischer esterification, while one of the original oxygen atoms of the carboxylic acid 
is lost to the solution.) 


b) The "ether" type oxygen of the ethyl benzoate product will be o coming from 
the ethanol. The remaining ("carbonyl" type oxygen) will be (approximately) 50% О 
and 50% %0. 


с) If a large excess of water is used, ultimately all of the |80 from the benzoic acid 
will be lost to the solution and the resultant benzoic acid will contain only 160. 


21.20-answer 


The concentration of 6-hydroxyhexanoic acid used by the student was too high for 
efficient ring formation to occur. Rather than intramolecular reaction, intermolecular 
reaction occurred to a great extent leading to the formation of a high molecular weight 
polyester material. This difficulty can be prevented and a higher yield of the desired 
cyclic product can be obtained by using a dilute solution of the 6-hydroxyhexanoic acid. 


21.21-answer 


/ 
R—N=C—N 


21.22-answer 


a) 


b) 


с) 


4) 


е) 


NO2 


Q=0 


9) 


әре) 


21.23-answer 


O 


21.24-answer 


a) 1. Вг, NaOH, НО 
2. Methanol + DCC + acid catalyst 


b) 1. CrO3, H5SO, 
2. Ethanol + DCC + acid catalyst 


с) 1. Mg, ether 
2. CO», acid workup 
3. Methanol + DCC + acid catalyst 


21.25-answer 


a) 


b) 


с) 


сн, 
CH, CH, CH, ^ bd 
CH, 


21.26-answer 


In contrast to a reaction using an alcohol, ammonia (or an amine) will react with the 
added acid very rapidly (and completely) so as not to allow it to react with the carboxylic 
acid. If a small amount of acid is used, it will all be used up to convert the amine to its 
salt; if a larger amount of acid is used, all of the amine will be tied up as the salt before 
any is available to protonate the carboxylic acid, at which point no free amine will be 
available to attack the protonated carboxylic acid. 


21.27-answer 


ue 
R-N-C-N-R « H* 


PS N 7% i 
R “с md E +B =” 
\ Е H 
№ 
| 
H 


ii 
H 
| 
К o 
| CON 
R^ w NOR 
E 
мек 
| 
H 
go hF 
El E 
У \„ СК | | 
\ R == 
A - M 
в. ОС 


21.28-answer 


O 
| 


C 
H,N^ ^0 + NH, 


ammonium carbamate 


urea 


21.29-answer 


The reduction of a carboxylic acid to the primary alcohol proceeds through an aldehyde 
intermediate. This intermediate is then reduced to the primary alcohol stage (alkoxide). 
Thus, two equivalents of hydride must be involved for the reduction of each equivalent of 
carboxylic acid. If we use 0.04 mole of LiAIH,, 0.16 equivalent of hydride is provided 
when 0.1 mole of carboxylic acid requires 0.2 equivalent of hydride. At least 0.05 mole 
of LiAIH4 must be provided for complete reduction. 


21.30-answer 


HO 


21.31-answer 


Use CAUTION in attempting to construct the molecular model of the intermediate enol 
for the bicyclic system! Don't break the model! Recognize the stress involved in moving 
the model into position. In the real (molecular) system, corresponding stress exists and 
prevents the species from forming. 


21.32-answer 


As the value of n increases, there is greater flexibility in the bicyclic system. (With n =1 
or 2, the system is completely rigid.) With greater flexibility, the capability for the 
adjacent p orbitals of the double bond to be parallel increases and thereby facilitates the 
existence of the double bond. 


21.33-answer 


21.34-answer 


Salts of carboxylic acids do not contain a simple carbonyl group. With delocalization of 
the charge of a carboxylate anion, the bond order is changed significantly and is not 
exhibited in the IR in the same way as with a true carbonyl group. 


21.35-answer 


a) 
P CO,H 


b) 
HO. _CO,H 
с) 
coH 
d) 
(CH,),CH; 
X (CH,),CO,H 
e) 
О О 
т 
f) 
О 
О 
О 
g) 


h) 


2) 


К) 


m) 


n) 


0) 


OH 


HO 


r) 


s) 


Q 
2. 


21.36-answer 


a) 
b) 
с) 


4) 


4-pentenoic acid 
3-hydroxy-2-methylpropanoic acid 
2,2-diethylbutanoic acid 


sec-butyl 3-butenoate 


21.37-answer 


a) fluoroacetic acid - more electronegative atom at the а-розшоп 


b) СНБОСН;СО-Н - electron-withdrawing group rather than an electron-donating 
group near the carboxyl group. 


с) pKa= 4 -smaller the pKa, the more acidic is the acid 


d) HO2CCH2CO 2H - the electron-withdrawing group is closer to the carboxylic acid 
function giving up the proton 


e) cis-cyclopentanedicarboxylic acid - groups can't reach in the trans-compound 

f) formic acid - delocalization renders the C-O bonds of equal length in the anion 
g) calcium carbonate - less double bond character for the C-O linkages 

h) 1,1-cyclobutanedicarboxylic acid - two carboxyl groups are attached to the same 


carbon atom 
1) cyclohexanecarbox ylic acid - only one with an о-ћудгогеп to be replaced 
j propionyl chloride - has a better leaving group 


k) cis-3-hydroxycyclohexanecarboxylic acid - trans- can't reac 


21.38-answer 


a) 
b) 
с) 
d) 
е) 
f) 
g 


h) 


i) 
2) 


К) 


sodium 3-phenylpropanoate 

sodium 3-phenylpropanoate 

ammonium 3-phenylpropanoate 

3-phenyl-1-propanol (after water workup) 
3-phenylpropanoyl chloride 
2-bromo-3-phenylpropanoic acid (after water workup) 


1-butyl 3-phenylpropanoate 


C, H;CH, СН, С(О)О OC(O)CH ,CH, C,H; 


phenyl 2-phenylethyl ketone (after water workup) 
bromomagnesium 3-phenylpropanoate 


benzoic acid 


21.39-answer 


H 
O--H—N 
Y N 
R—C „С-В 
N [4 
N—H--O 
РА 


21.40-answer 


The mixture of carboxylic acid and alcohol would be added to an aqueous sodium 
bicarbonate solution. The aqueous solution would then be extracted with ether and the 
layers separated. The alcohol would be in the ether layer (from which it could be isolated 
by evaporation) but the salt of the carboxylic acid would be in the aqueous layer. The 
aqueous layer would then be rendered acidic by the addition of sulfuric acid, and the 
acidic solution extracted with ether. The free carboxylic acid would dissolve in the ether, 
from which it could be isolated by evaporation of the solvent. 


21.41-answer 


a) sodium bicarbonate 
b) potassium permanganate, KOH, water, heat, followed by acid workup 
с) 1. thionyl chloride; 2. ammonia 


d) lithium aluminum hydride followed by acid workup 


e) 1. lithium aluminum hydride followed by acid workup; 2. chromic anhydride in 
pyridine 


21.42-answer 

a) HNO3s/H2SO4 

b) Br2/Fe 

с) 1. Mg, ether; 2. СО»; 3. aq. acid 

d) СгО:/Н;5О, 

е) 1. CrO3/H,SO,; 2. HNO4/H5SO, 

f) 1. Br2/Fe; 2. Mg. ether; 3. CO»; 4. aq. acid 
g) 1. Вг2/РВгз; 2. NaCN; 3. aq. acid, heat 


h) 1. ethyl bromide, АІСІз; 2. Cb, NaOH, water; 3. aq. acid workup 


1) 1. NaNO;, Н,804; 2. NaCN; 3. aq. acid, heat 
p І. CrO3/H2SO,; 2. МАСМ, NaHSO,; 3. aq. acid, heat 
k) І. HNO4/H550;; 2. CrO3/H2SO,; 3. ЗОСЬ; 4. methylamine 


1) 1. Brg, light; 2. NaOH; 3. CrO3/H2SO,; 4. МАСМ, NaHSO,; 5. aq. acid, heat 
m) 1. Bro, light; 2. Mg, ether; 3. CO»; 4. aq. acid workup 


n) 1, HBr; 2. Mg, ether; 3. ethylene oxide; 4. potassium permanganate, KOH, water, 
cool; 5. aq. acid workup 


о) 1. CL//PCI;; 2. ethanol, acid 

p) 1. Bro, light; 2. NaCN; 3. aq. acid, heat 

q) 1. Вг2/РВгз; 2. NaCN; 3. aq. acid, heat 

г) 1. CH3Li (excess); 2. aq. acid workup; 3. СН»Мрї]; 4. acid, heat 


$) 1. CrO3/H,SO,; 2. Вг›/РВгз; 3. МАСЫ; 4. aq. acid, heat 


21.43-answer 
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21.44-answer 


A CO,H 
| `Вг 
CO,H 
B 
CO,H 
"Br 
C 
hea Hs )3 
D 
кс, 
Е 
yc O 
F 
cou 
О 
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21.45-answer 


P 
CO,H 


21.46-answer 
S HOCH2CH2CO2H 
T НОССЊСОН 


U CH4CO;H 


21.47-answer 


EA 
СА 
= 


CO,H 


Ше: 


21.48-answer 


CH,CO, 


electrolysis 


21.49-answer 
Chlorination occurs readily on the benzylic position and generates the trichloro 
compound Z quite readily. 


CCl, 


This readily undergoes hydrolysis to generate the sodium benzoate, which, on treatment 
with acid, yields benzoic acid. 


21.50-answer 


О 
7! 

---->- С 
и 
о7 вс“ 
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21.51-answer 


R 
=, - см” 
MgX* 
) R' 3 
R'z*MgX 
OH, 
Y 
R 
poem 
C—NH + MgXOH 
R' 
standard imine hydrolysis 
Y 
R 
Na 
C—O 


21.52-answer 


AA 
// 
C 
N 
NH, 
BB 
CN 
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DERIVATIVES OF CARBOXYLIC 
ACIDS 


CHAPTER 


22.1 INTRODUCTION 


STRUCTURES OF THE COMMON DERIVATIVES 


In the previous chapter we introduced the common derivatives of carboxylic acids—esters, 
amides, acid chlorides, anhydrides, and nitriles. Structures 22.1-22.5 show these types of 
derivatives for benzoic acid. 


О О 
) | 
or ~ 0CH;CH; or N(CH3)3 


22.1 22.2 
ethyl benzoate N,N-dimethylbenzamide 
| ІТ 
С С С 
rr С“ 
22.3 22.4 
benzoyl chloride benzoic anhydride 
за 
22.5 
benzonitrile 


859 


860 ORGANIC CHEMISTRY 


| SS | p 
' H—O-—R' 
e uer кыш 
| даш | => 
H—NR', 
a Ser” uus ee 
| e | С 
H—CI 
к За" Sa 
O O O O 
|| quu || || иш, || 
R^ d к^ hr un Hoc n 


FIGURE 22.1 Structural relationships among carboxylic acid derivatives. Each derivative 
can be thought of as being derived from two parent molecules, one of which 
is always a carboxylic acid. 


Most common carboxylic acid derivatives can be thought of as being derived from two 
parent compounds. For each derivative, one parent is a carboxylic acid and the other parent 
varies according to the derivative. For example, an ester can be thought of as being derived from 
a carboxylic acid and an alcohol, and an amide as being derived from a carboxylic acid and an 
amine. The chemistry of carboxylic acid derivatives reflects these relationships—they can be 
hydrolyzed to their parent compounds under the appropriate conditions. These structural 
relationships are illustrated in Figure 22.1. 


THE ELECTROPHILIC NATURE OF THE CARBOXYL CARBON ATOM 


A common characteristic of carboxylic acid derivatives is the electron-deficient (i.e. elec- 
trophilic) nature of the carboxyl group carbon atom. It is therefore not surprising that many 
nucleophiles react with carboxylic acid derivatives, forming a new bond to the carboxyl carbon 
atom. The mechanism for these reactions follows a common course. Nucleophilic attack produces 
a tetrahedral intermediate, which then decomposes to provide the product. The mechanism of the 
reaction between an alcohol and an acid chloride is representative. 
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Reaction of an Alcohol with an Acid Chloride 
Overall reaction: 

О О 

| | 


H—O—R' + C АА C 
R^ Ха R^ 


‚+ Н* + СГ 
Ses LR 


Step 1 Nucleophilic attack to form a tetrahedral intermediate. 


| | 
H—O—R' + „СА ве R—C—Cl 
VO LET Ха | 
о: 
“~ 
H R' 


_ О 
|, І + СГ 
C R' 
Rca --- qu So 
{+ | 
H 
ue d 


Step 3 Deprotonation. The base B: can be any one of several species (e.g., the anion displaced 
in Step 2, or a molecule of alcohol). 


O O 
| | М 


aa Pa + В: o — n У је. 


-— 


The relative reactivities of the different kinds of carboxylic acid derivatives toward nucle- 
ophiles correlate with the relative leaving group abilities, as shown here: 


relative reactivity: acid chloride > anhydride > ester > amide 


leaving group ability: —Cl > —OC(O)R > —OR > —NR, 
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However, it is important to note that the rate-determining step in these reactions is formation of 
the tetrahedral intermediate and not the loss of the leaving group. It so happens that the same fac- 
tors that improve leaving group ability also facilitate the formation of the tetrahedral intermediates. 


22.2 THE INTERCONVERSION OF CARBOXYLIC ACID 
DERIVATIVES 


ESTERS AND AMIDES FROM ACID CHLORIDES AND ANHYDRIDES 


In Chapter 21 we described the preparation of esters and amides directly from the parent car- 
boxylic acids. However, it is usually more efficient to prepare these derivatives from either 
an acid chloride or an anhydride. These compounds are particularly reactive under attack by 
nucleophiles. Although acid chlorides are generally more reactive than the corresponding 
anhydrides, anhydrides do react at a reasonable rate for synthetic purposes. In fact, the use 
of an anhydride is often preferred as reaction is less violent and more easily controlled. 
Several examples of ester formation from acid chlorides and anhydrides are shown in 
Equations 22.1—22.4. 


O 
C6H5 
benzene 
H5Cg + а > 
OH 
1,2-diphenylethanol 
O СН 
2,4,6-triethylb | стопа 
iethylbenzoyl chloride CH; 
O 
1,2-diphenylethyl 2,4,6-triethylbenzoate 
69% yield 
(Eq. 22.1) 
0 О 
(CH3)3COH 
--------- O—C(CH3)3 
(CH3)3COLi 
p-methylbenzoyl chloride tert-butyl p-methylbenzoate 


82% yield (Eq. 22.2) 
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OH propionic 


( yY anhydride Y^ 
— 
7 » O 


Hs5Cg H3Cg 


4-biphenyl propanoate 
-phenylphenol 
шананы 73% yield (Eq. 22.3) 


acetic anhydride 
HOCH,C=CCH,OH —————— > H3C(0)C—OCH;C =CCH,0—C(O)CH3 


butyne-1,4-diol butyne-1,4-diol diacetate 
85% yield 
(Eq. 22.4) 
Methods for the preparation of amides are often analogous to those used for preparing 
esters. For example, a common procedure is to allow an acid chloride (or anhydride) to react 


with ammonia (or a primary or secondary amine). Several examples are provided in 
Equations 22.5-22.8. 


9 NH; 0 
-------:--- 
(CH39CH ^ ^c water work-up (CH3),CH~ “кн, 
isobutyroyl chloride isobutyramide 
77096 yield (Eq. 22.5) 
1 
C4H9NH5 C. 
CgH,7CH=CH(CH))zCOClL ———  CgH4;CH—CH(CH5 NHC4Hg 
hexane 
oleoyl chloride N-butyloleamide 


8396 yield (Eq. 22.6) 


| 
COCI 
\ E ~ 
n NH TEM N(CH5CH3) 
--— 


benzoyl chloride diethylamine N,N-diethylbenzamide 
75% yield (Ед. 22.7) 
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O O О 
| | | 
Сен АН + pom FN —— 4 С 
7 
НЗС о СНз НЗС > NHC6H5 
aniline acetic anhydride N-phenylacetamide 
89% yield 
(Eq. 22.8) 


Esters and amides can also be prepared from other activated forms of the carboxyl groups. 
These activated forms have structural similarities to simple anhydrides and acid chlorides. For 
example, in Chapter 21 we considered the formation of esters from carboxylic acids and alcohols 
using dicyclohexylcarbodiimide (DCC) as a coupling/dehydrating agent. The active intermediate 
in this process bears a structural resemblance to a simple anhydride, as is shown in Figure 22.2. 

A special reagent is required if we wish to prepare an ester or an amide of formic acid, 
because neither formic anhydride nor formyl chloride exist as stable, usable materials. However, 
we can prepare formic acetic anhydride (22.6) by the reaction of sodium formate with acetyl 
chloride, as shown in Figure 22.3. This reagent preferentially transfers the formyl group upon 
reaction with an alcohol to give the formate ester. The use of formic acetic anhydride for the 
preparation of a formate ester is shown in Equation 22.9. 


intermediate in DCC anhydride 
mediated coupling of 
an acid and an alcohol 


FIGURE 22.2 Comparison between an anhydride and the intermediate in DCC-mediated 
coupling of a carboxylic acid and an alcohol. The two are structurally similar, 
and both are highly reactive toward nucleophiles. 


О О О О 
I А | СТ 
С —— C С 
H^ “о-ха нс” Та нс” ^o^ ^H 
22.6 
sodium formate acetyl chloride formic acetic anhydride 


Figure 22.3 Preparation of formic acetic anhydride. The reagent is useful for the preparation 
of formate esters. 
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| О 
C C 
H ЗС ^o^ ^H 
22.6 
formic acetic anhydride 
O O O 
| | | 
С + H,C=CHCH,OH ---- С 
7 N aZ N 
вс” ^o^ ^H H/ "OCH,CH- CH; 
formic acetic anhydride allyl alcohol allyl formate 
9896 yield 
(Eq. 22.9) 
TRANSESTERIFICATION 


Transesterification is the conversion of one ester into another by the treatment with an 
appropriate alcohol under either acidic or basic conditions. Equation 22.10 shows the conver- 
sion of a methyl ester into an n-decyl ester under acid catalysis. The mechanism of the reaction 
involves a series of equilibria. In order to drive the reaction to the desired product we either use 
an excess of the alcohol for the ester we desire, or we remove the undesired alcohol from the 
reaction medium (generally by distillation) as it is formed. An example of transesterification 
under basic conditions is shown in Equation 22.11. 


О О 
[ НО | 
Ке сізді, MN y + СНЗОН 
Н;С--СН” СОСН; gocH,CHjsCH, Н2С=СН” “осн,сн,;сн; 


methyl acrylate n-decyl acrylate 
83% yield (Eq. 22.10) 
O 
|| Nat що 03: Е. || 
7 © » Жы + CH30H 
сено” ~OCH; сн: о7 “ОСН; 
methyl phenyl carbonate diphenyl carbonate 


70% yield (Eq. 22.11) 


The usual synthetic application of transesterification reactions is in the preparation of 
desired complex esters from cheap, naturally occurring esters. An example is the preparation of 
simple esters of fatty acids from the naturally occurring fatty acid esters. Triglycerides are 
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OC(O)R 
H,C 


HC —OC(O)R 


HC 
OC(O)R 


FIGURE 22.4 General structure of a triglyceride. 


triesters of fatty acids and glycerol (1,2,3-propanetriol). (Triglycerides were introduced in our 
discussion of soaps in Chapter 21.) Coconut oil consists mainly of triglycerides of the type 
shown in Figure 22.4 where the carboxylic acid portion (ЕСО--) is octanoyl, dodecanoyl 
(twelve carbon atoms) or tetradecanoyl (fourteen carbon atoms). If we reflux coconut oil with 
ethanol and sulfuric acid, transesterification occurs, producing the ethyl esters of octanoic, dode- 
canoic and tetradecanoic acids. 


Special Topic 


Esters and Flavorings 


Because many esters of simple carboxylic acids have fragrant, fruity odors, they are often used as 
flavoring agents. Some examples are shown here. 


Compound Structure Aroma 
ethyl formate O rum 
Qe 
H ОСН;СН; 
1-репіуі ethanoate О banana 
gue 
НЗС OCH;CH;CH;CH;CH; 
1-octyl ethanoate О banana 
» 
Н.С OCH;CH;CH;CH;CH;CH;CH;CH; 


methyl butanoate О orange 


C 
CH3CH,CH,~ “осн; 
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ethyl butanoate О ршеарр1е 


С 
CH3CH,CH,~ “-осн,сн; 


1-реп{у1 butanoate О apricot 


C 
CH,CH,CH;7 “-осн,сн,сн,сн;сн; 


methyl salicylate OH oil of wintergreen 


| о 


Езтев-Амтое INTERCONVERSIONS 


We can convert an ester to an amide (or the reverse) under conditions similar to those used for 
transesterification. The preparation of an ester from an amide generally involves the use of an 
acidic catalyst. Boron trifluoride is a powerful Lewis acid that serves well for this purpose. An 
example is shown in Equation 22.12. The reverse process, the preparation of an amide from 
an ester, is accomplished by heating the ester with an excess of the amine, as shown in 
Equation 22.13. 


0 О 
| СНОН, ВЕ; T 
7 re - > 
Н5С” “хн; 105°C H;C6 “ОСН; 
benzamide methyl benzoate 
100% yield (Eq. 22.12) 


CsHsNH 
ШЕН! > П 


с с 
heat 
ныс ~ ^ocH,cH, = ma Ре ~ 


NHC4Hs; 

ethyl 3-oxo-3-phenylpropanoate N-phenyl-3-oxo-3-phenylpropanamide 
84% yield 

(Eq. 22.13) 
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Special Topic 


Isoamyl Acetate 


с==© 


нас ~~ "OCH,CH,CH(CH4), 
isoamyl acetate 


Isoamyl acetate (3-methylbutyl ethanoate) is an ester that has the sweet odor of bananas. In 
the insect world it elicits a less-than-sweet response from honeybees. Bees release this ester 
upon stinging, and the ester attracts other bees to the same location. Thus there is a chemi- 
cal explanation for a phenomenon that has long been observed: a single bee sting increases 
the probability of attack by other bees. 

A variety of relatively simple compounds each play a major role in the whole social order 
of the beehive. A compound known as queen substance is produced in the mandibular gland of 
a queen bee and is spread to worker bees during feeding and other social contact. The substance 
prevents the worker bees from developing ovaries, and thus preventing them from becoming 
new queens. A closely related compound, queen scent, keeps workers clustered around a queen 
bee. Citral and geranial are used by bees to mark a food source, while 2-heptanone is produced 
during times of danger, causing an angry, aggressive response in the bees. 


H 
о \ 
E. „С-со,н 
НС” ` CH,CH,CH,CH,CH, =. 
H 
queen substance 
H 
OH \ 
: /С- COH 
H3C 7/77 CH;CH;CH;CH;CH, u^ 
H H 
queen scent 
CHO 
ENS Su 


CHO 


citral geranial 
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DEHYDRATION OF AMIDES 


The preferred method for the synthesis of nitriles is the 542 reaction of cyanide ion with a 
haloalkane (Chapter 12). However, we can also prepare nitriles by the dehydration of an appro- 
priate amide. Generally, thionyl chloride or phosphorus pentoxide (generally written as POs, 
but the molecule really is P4O;o—the anhydride form of phosphoric acid) is used as the dehy- 
drating agent. An example is shown in Equation 22.14. 


O 
| P4010 
T e СЗС — CN 
iichloroacetamnide trichloroacetonitrile 
80% yield (Eq. 22.14) 


Special Topic 


Polyesters and Polyamides 


We have seen that carboxylic acids react with alcohols under acid-catalyzed conditions to 
produce esters (Fischer esterification). If we use a dicarboxylic acid and a diol under condi- 
tions of Fischer esterification, we are able to form a polyester, as shown here. 


HOCH, CH, 
О 
О 
CO,H РА = 
acid 
+ HOCH;CH;OH --> » 


CO;H С 
2 022 S 
OCH,CH, — O 


COH 


This particular polyester can be spun into fibers known as Dacron. Polyamides can also 
be spun into fibers. The best known of these, nylon, can be made by the reaction of a diamine 
with a diacyl halide: 
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НМ —(CH5) — NH 


NM 
oen 


с=0 
| 
NH 


The particular nylon produced in this type of reaction is classified according to the values 
of n and п'. For example, nylon 6,6 is made on an industrial scale by heating adipic acid with 
hexamethylenediamine under vacuum. For a more detailed description of these and other 
polymers, see Chapter 29. 


22.3 AMIDE STRUCTURE 


There are aspects of the structure of amides that are not evident from simply viewing the Lewis 
structure. We generally write an amide structure with a simple trigonal planar carboxyl carbon 
atom (sp? hybridized) which is bound to the oxygen by both а о and a x bond (doubly bound) 
and singly bound (с bond only) to each of the -NR»; group and the remaining group from the 
carboxylic acid portion of the compound. However, we can make a variety of observations that 
call into question our ideas about the o bonds in these compounds. 

We generally think about о bonds as involving free rotation—since the electron density of 
a single б bond is cylindrically symmetrical about the internuclear axis, free rotation can occur 
without disrupting the continuous bonding electron density between the bound atoms. 
However, viewing the ІН or ЗС NMR of a relatively simple amide, such as N,N-dimethylfor- 
mamide (22.7), we make a bothersome observation. The 'H NMR of N,N-dimethylformamide 
measured іп О-О (Figure 22.5) exhibits (in addition to the peak from HOD at 4.7 6), three other 
signals, one at 2.7 б, one at 2.9 6 (each corresponding to 3 H), and a third at 7.8 6 correspon- 
ding to ІН, all singlets. Further, the ЗС NMR of the same solution (Figure 22.6) exhibits three 
signals, at 31, 37, and 165 б. It would appear that there are two different kinds of methyl groups 
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!H NMR 


H^ "N(CH3) 


N,N-dimethylformamide 
іп р,О solution 


13 12 31 10 9 8 7 6 5 4 3 2 1 0 
FIGURE 22.5 
13C NMR 

о 
c 

H^ ~N(CH3)2 

N,N-dimethylformamide 
in р,О solution 


170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 


FIGURE 22.6 
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in the molecule, although that is not evident from the simple Lewis structure. The two methyl 
groups of the molecule exist in different magnetic environments that are not interchanged rap- 
idly; they exhibit separate resonances in the NMR spectra. 


О 
|| 
JS 
H N(CH3) 


22.7 
N,N-dimethylformamide 


We can rationalize these observations by considering the electronic origin of a chemical 
observation regarding amides. Although amides contain a tricoordinated nitrogen atom, with 
which we associate a valence level unshared electron pair, we observe amides, unlike amines, 
not to be basic. Amides exhibit an extremely low basicity compared to other compounds with 
trivalent nitrogen and an unshared valence level unshared electron pair. Why is this the situa- 
tion? If we contemplate the possibilities for electron delocalization we can see that delocalizing 
resonance structures can be written for the amide linkage, as shown in Figure 22.7. Although the 
resonance structure on the right involves charge separation and that on the left does not, the 
charge separation structure does provide stabilization to the species and provides restriction to 
free rotation about the C-N linkage leaving the two methyl groups in magnetically (and chem- 
ically) different positions. 

This situation with N, N-dimethylformamide is little more than a chemical curiosity. However, 
as we shall see in later considerations (Chapter 26) this is critical in the behavior of polyamides 
derived from amino acids, i.e., peptides. 


H^ ~ CH; => 7 ХЕ CH; 


FIGURE 22.7 Electron delocalization in amides. The unshared valence level electron pair 
formally associated with nitrogen of an amide is partially delocalized to the 
carboxyl oxygen atom. Having this stabilizing factor present, л-сһагастег is 
provided to the bond between the carboxyl carbon atom and the nitrogen, 
rendering rotation about that bond to be partially restricted and holding the 
substituents attached to nitrogen in different magnetic environments, one 
being syn relative to the carboxyl oxygen while the other is anti relative to the 
carboxyl oxygen. 
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22.4 HYDROLYSIS OF ACID DERIVATIVES 


GENERAL 


The term hydrolysis means cleavage by water. The hydrolysis of any derivative of a carboxylic 
acid produces the free carboxylic acid. 

In general, a catalyst is necessary for the hydrolysis of esters, amides, and nitriles, but many 
acid chlorides and anhydrides are hydrolyzed by water alone. Both acids and bases catalyze or 
promote the hydrolysis of esters, albeit by different mechanisms. The specific mechanism for 
hydrolysis for a given ester depends on the structure of the ester as well as the reaction condi- 
tions. We will review the most common mechanisms of ester hydrolysis in the following section. 
Amides and nitriles also undergo hydrolysis under conditions of acidic catalysis. Hydrolysis of 
many carboxylic acid derivatives are catalyzed by specific enzymes in biological systems. We 
will note the organic synthetic utility of these reactions, but discussion of their mechanisms will 
be left for courses in biochemistry. 


HYDROLYSIS OF ESTERS 


Acid-Catalyzed Hydrolysis Esters of carboxylic acids are subject to cleavage to the free 
acid by the action of aqueous acid. The mechanism by which most carboxylic acids undergo 
acid-catalyzed hydrolysis is given here. It is the same mechanism we saw earlier for the forma- 
tion of an ester from an alcohol and an acid (see Chapter 21) except that it is reversed. The role 
of the acid catalyst is to facilitate the attack by water at the carboxylate carbon. Protonation of 
the carbonyl-type oxygen atom makes the carboxyl carbon atom even more susceptible to attack 
by a nucleophile than it was before protonation. Once water has added to the carboxy] carbon 
atom, a series of acid-base reactions leads to the loss of a molecule of alcohol and the formation 
of a resonance stabilized cation, the protonated carboxylic acid. The further reaction of the 


Acid-Catalyzed Hydrolysis of Carboxylate Esters 


Overall reaction: 


O 
| | 


С В" + H,O —> C Н+К ОН 
R^ “о” 2 R^ “о” 
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Step 2 Nucleophilic attack by water. 


H 
ZU Ж 
O O + 
| . И 9 n: | im 
а M ome 
R O R O 
Steps 3 and 4 Proton transfer. 
H 
РА: ГА 
O + :В О à 
08, = | ОН +н--в 
С R' С R 
R^ No Ж- R^ No Pd 
AH К 
О " O 
| ЯС Ұн-в === | он +в 
С R' C R' 
H 
Step 5 Loss of alcohol. 
H 
ен Ж 
O O 
298 --> мон + R'OH 
R' 
R^ No <a R~ + 


H 


Step 6 Deprotonation. 


protonated carboxylic acid with water (acting as a base) leads to the neutral carboxylic acid. All 
reactions involved in this overall mechanism are reversible. 

We can cause the reaction to proceed in either desired direction (toward ester or toward acid 
and alcohol) by choosing properly the reaction conditions. For ester formation we use an excess 
of alcohol and/or remove the water as it is generated to force the equilibrium toward the ester 
side. For hydrolysis, we provide a large excess of water to force the equilibrium toward the side 
of acid and alcohol. 

Two examples of acid-catalyzed ester hydrolysis for the preparation of carboxylic acids are 
shown in Equation 22.15 and Equation 22.16. 


CHAPTER 22 Ф Derivatives or CARBOXYLIC ACIDS 875 


0 О 
С CH HBr | 
3 
Br“ “о -r j Хо" 
H50 
Br Br 
methyl 2,3-dibromopropanoate 2,3-dibromopropanoic acid 
7296 yield (Eq. 22.15) 
CO,CH; СОН 
СН;5О;Н 
ss 
HCO;H, НО 
CO,CH; СОН 
dimethyl terephthalate terephthalic acid 
99% yield (Eq. 22.16) 


There are other mechanisms (two of them) that have been observed by which carboxylate 
esters undergo acid-catalyzed hydrolysis. They involve particular structural components for the 
esters undergoing hydrolysis, and will not be considered here for general utility. 


Base-Promoted Hydrolysis The hydrolysis of carboxylate esters can also be accom- 
plished under basic conditions. We often refer to this approach as saponification, a term that is 
derived from the preparation of soaps by the basic hydrolysis of biologically occurring esters of 
fatty acids. Again, the mechanism of hydrolysis under basic conditions differs (three different 
mechanisms have actually been observed) with the structure of the carboxylate ester. However, 
the mechanism shown here is the one that is observed in the vast majority of situations and is 
the one upon which we will concentrate. 


Base-Promoted Hydrolysis of Carboxylic Acid Esters 


Overall reaction: 


O 
| 


С В' + НО —— + В'ОН 
R^ “о” R^ No- 
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Step 1 Nucloeophilic attack by hydroxide ion. 


| a || 


C R «HO ---> C 
Ee wget R^ ^om 


Step 2 Collapse of the tetrahedral intermediate. 


O 
|J on | 
Cla --- С H + R'O 
R^ % OR' R^ n 
Step 3 Proton transfer reaction. 
O O 
| Е + НО  —— | б 
H 
Шы е ue ee 


We generally perform work-up of these reactions by adding aqueous acid to the reaction 
mixture to ensure the complete conversion of the alkoxide ion to the free alcohol. If we wish 
to isolate the free acid, this approach also permits extraction of the acid from the acidic 
medium. Examples of the base-promoted hydrolysis of carboxylate esters are shown in 
Equations 22.17-22.19. 


J CO;CH; KOH J COH 
CH3(CH)gCH =C ------:--5- CH3(CH5)gCH = 
CH ethanol CH 
3 (aq. acid 3 
workup) 
methyl 2-methyl-2-dodecenoate 2-methyl-2-decenoic acid 
83% yield 
(Eq. 22.17) 
CO,CH; СОН 
NaOH, NaHCO, 


о 
methanol, water 


(aq. acid workup) 


methyl cycloheptatrienecarboxylate cycloheptatrienecarboxylic acid 
92% yield 
(Eq. 22.18) 
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OC(O)CH; 1. NaOH OH 
—— 
2. methanol, water 


(aq. acid workup) 


2-methylbenzyl acetate 2-methylbenzyl alcohol 
97% yield 
(Eq. 22.19) 


Although ester hydrolyses produce a carboxylic acid and an alcohol, we are often interested 
in isolating only one of these two products. For example, in Equation 22.17 and 22.18, the target 
of interest is the carboxylic acid. However, in Equation 22.19 the target is the alcohol. The 
by-product in Equations 22.17 and 22.18 is methanol, whereas in Equation 22.18 it is acetic acid. 


€nzymatic Hydrolysis of Esters Esters play important roles in biological systems. 
They undergo catalyzed hydrolysis in normal metabolic processes. However, the strong acids and 
bases we use as catalysts in the laboratory are not compatible with living cells. For an organism’s 
metabolism to proceed, hydrolyses must be catalyzed and occur under very mild conditions. The 
catalysts for these processes in biological systems are known as enzymes. Enzymes are macro- 
molecules composed of many amino acids (see Chapter 26) coupled by amide linkages. In 
general, enzymes activate the substrate and hold it in a suitable position for reaction. 

In recent years the number and variety of enzymes isolated and purified from biological 
systems has been increasing rapidly. Furthermore, organic chemists have begun to overcome 
their early reluctance to use enzymes in the performance of organic syntheses in the laboratory. 
We previously noted (Chapter 8) the use of enzymes for performing resolutions of racemic 
mixtures. The hydrolysis of carboxylate esters is another reaction type for which enzymes find 
increasing synthetic utility. Two examples are shown in Equation 22.20 and Equation 22.21. 


O 
(СН2)6 —C 
p OCH;CH; baker's yeast 
HO T = S pH=7.0, water 
H CH — (CH5)4CH5 
/ O O 
но (Сн, E 
H OH 
/ 
HO C=C 
f * 
H ју“ — (CH5)4CH3 
НО 
78% yield 


(Eq. 
22.20) 
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О 
и 


C 
\ 
OCH;CH; 


pig liver esterase 


O 
и 
C 
(`` \ 
ОН 
C —H 
и 
СН, — С s 
H 
Fi 
с=с 
Ж \ 
H CH — (CH54CH5 
но“ 
86% yield 
(Eq. 22.21) 


HYDROLYSIS OF AMIDES 


Acid-Catalyzed Hydrolysis We usually hydrolyze amides by refluzing them with water 
under relatively strong acidic conditions. Examples of this type of reaction are shown in 
Equation 22.22 and Equation 22.23. If we wish to isolate the amine product, we need to follow 
the acidic hydrolysis step with an aqueous basic work-up. This procedure generates the amine 
in its free base form and converts the acid to the carboxylate anion. The amine is then easily 
extracted into an organic solvent, leaving the carboxylic acid portion in the aqueous solution. To 
isolate the carboxylic acid product of hydrolysis, we simply extract the strongly acidic solution 
with an organic solvent. The amine is in the form of its ammonium ion under these conditions 
and will remain in the aqueous solution. The usual mechanism for the acid-catalyzed hydroly- 
sis of amides is shown here. 


O O 
Н,804 
(СНЗСН,)„СН NH) м— (СНзСН>)›СН ОН 
H,O 
2-ethylbutanamide 2-ethylbutanoic acid 


80% yield (Eq. 22.22) 
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O 
Br / Br 
em E на, н.о NH; 

n (NaOH work-up) 

aOH work-up 

N-(2-bromo-4-methylphenyl)acetamide 2-bromo-4-methylaniline 
67% yield 
(Eq. 22.23) 


We can also hydrolyze amides using alkaline conditions by refluxing the amide with aqueous 
sodium hydroxide or potassium hydroxide. An example is shown in Equation 22.24. 


i 
ЖҮ 

NH єн; хн, 

по; KOH, H,O NOS 

— 
methanol 
heat 
OCH; OCH; 
N-(4-methoxy-2-nitrophenyl)acetamide 4-methoxy-2-nitroaniline 
97% yield 
(Eq. 22.24) 


Acid-Catalyzed Hydrolysis of Amides 


Overall reaction: 


O 

| a MEN 

С + ----- E + NH, 
R^ NH, R^ “он 
Step 1 Protonation of amide. 

жн 

О dii" О 

| + Ht d 
R^ NH T R^ "NH 
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Step 2 Nucleophilic attack by water. 


жн H 
О О 
| С Ху Он 
+ 
-------- P d 2 
C T H,O 
R^ NH | R^ NH 


Жж Н 
ен о 
O 
+ — ^ OH + Нв? 
pat S R NH 
R NH 
H 
7 
жн О 
" ОН 
он EE с 
с“ ЕНЕ 5 к +B: 
R NH + 
Step 5 Loss of ammonia. 
жи жн 
O O 
ПР OH === | OH NES 
R^ \ SNH; R~ + 
oe 
Steps 6 and 7 Proton transfer. 
p H 
O O 
| „ОН + В: "x | * HB* 
С 


€nzymatic Hydrolysis of Amides Like carboxylate esters, amides in biological 
systems undergo hydrolysis catalyzed by enzymes. With the availability of purified enzyme 
prepartions, organic chemists have increasingly turned to the use of these biological catalysts for 
synthetic purposes. An example is shown in Equation 22.25. Here an enzyme from a bacterium 
efficiently accomplishes an amide hydrolysis. Because the starting material is sensitive to a 
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variety of reagents, the highly selective enzymatic procedure is preferable. Harsh catalysts 
would not be able to effect the selective cleavage of the amide; other competing processes would 
occur with their use. Organic chemists sometimes say that the reactant would be “chewed up” 
under such harsh conditions. 


H 


СеН5СН› Б p. 


О acylase да 
Escherichia coli 
CO,H pH-7.8 COH 
benzylpenicillin penicillamine 
9096 yield 
(Eq. 22.25) 


HYDROLYSIS or NITRILES 


Nitriles undergo hydrolysis to carboxylic acids and ammonia upon heating with aqueous acid. The 
reaction proceeds through the intermediate amide, which then undergoes acid-catalyzed hydroly- 
sis (see the mechanism of amide hydrolysis). The mechanism of nitrile hydrolysis, up to the point 
of amide formation, is given here. Under ordinary reaction conditions, the amide would continue 
to react, the end product being a carboxylic acid and ammonium ion. The reaction can be stopped 
at the amide stage by using sulfuric acid with an exactly calculated equivalent amount of water. 

The hydrolysis of nitriles provides a convenient synthetic route to carboxylic acids from 
compounds of one fewer carbon atom. For example, haloalkanes (R—X) produce carboxylic 
acids (К-СО›Н) after nucleophilic displacement by cyanide ion and hydrolysis of the resulting 
nitrile; and aldehydes (R-CHO) lead to o-hydroxycarboxylic acids, КСН(ОН)-СО»Н, upon 
cyanohydrin formation (Chapter 19) and subsequent hydrolysis. Examples are shown in 
Equation 22.26 and Equation 22.27. 


KCN Но5О4 
Ce6HsCH,Br  — — —- (C,H;CH,CN ——— — СН;СН,СО›Н 
H,O H50 
benzyl bromide phenylacetic acid 
80% yield 
(Eq. 22.26) 
ү 
HCN | HCl 
СеН5СНО ————> НСС СМ = Н;6- -С- —CO,H 
H,O | H,O 
OH он 
benzaaldehyde a-hydroxyphenylacetic acid 
52% yield 


(Eq. 22.27) 
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Acid-Catalyzed Hydrolysis of Nitriles to Amides 


Step 1 Protonation of nitrile. 


+ + 
R — C ==: A QC gt ---->- В--С--М-Н -«—- R—C—N-—H 


Step 2 Nucleophilic attack by water. 


4 Ти.“ 
R—C—N-——H 40H, ---- R—C=N— 
Steps 3, 4, and 5 Proton transfers. 


Кан. н.о но 


қа же ----> НВ“. В--С--М-Н 


НО 
ki + 
----- B: + В--С--М--Н 
өы 
H 
O 
В: + М | 


Ала. ——-  HB'* R—C—N—H 


H H 


Steps 6 and 7 Proton transfer. 
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22.5 REDUCTIONS OF ACIDS AND THEIR DERIVATIVES 


GENERAL 


In carboxylic acids and their derivatives, carbon is in the highest oxidation state in which it can 
occur in organic compounds. Reduction of carboxylic acids is an important process. Organic 
chemists have been particularly interested in the development of controlled methods for con- 
verting carboxylic acids into aldehydes and into alcohols. Several types of methods are used for 
this process, the most important of which are hydride reductions, dissolving-metal reductions, 
and catalytic hydrogenation. We briefly considered some of these topics in the previous chapter. 
In the next sections we further examine these methods and their applications. 


HYDRIDE REDUCTIONS OF CARBOXYLIC ACID DERIVATIVES 


Esters Although carboxylic acids themselves can be reduced directly to alcohols, it is often 
preferable to follow a two-step procedure. The acid is first converted to its methyl ester, and then 
the ester is reduced. Among the advantages of this procedure are the improved ether-solubility 
properties of the ester over the carboxylic acid and the wider range of convenient reducing 
agents for the ester (compared with the acid). For example, we can use either ДАН) or NaBH, 
to reduce esters; the latter has no effect on the parent acid. Sodium borohydride is much milder 
and safer to use than LiAIH4. However, to reduce an ester efficiently with NaBH, we must use 
a Lewis acid (such as aluminum trichloride) in the reaction. (The Lewis acid associates with the 
carbonyl-type oxygen of the ester, making the carboxyl carbon more susceptible to attack by a 
nucleophile such as the complex hydride ion.) We also use a solvent such as diglyme (diethyl- 
eneglycol dimethyl ether, CH43OCH;CH;OCH;CH;OCH,) since it has a high boiling 
temperature that allows us to conduct the reaction at a high temperature. Two examples of 
hydride reduction of esters are shown in Equation 22.28 and Equation 22.29. 


CHC,Hs | CHC4Hs 
ПЛАНА 
— 
diethyl ether 
(aq. acid work-up) 
O~ c- CHs 4 P OH 
| 92% yield 
O 
(Eq. 22.28) 
O 


C 
ДУ “хосн,сн; МаВН,, АС ІҮ СН;ОН 
diglyme 
CI 22 CI 


(aq. acid work-up) 


p-chlorobenzyl alcohol 


thyl p-chlorob t 
ethyl p-chlorobenzoate 81% yield (Eq. 22.29) 
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А” А” 
ЊУ, ^o 
|| » 
во > ge К 
H M* 
H—M 
A^ 
т 
О Хо + 
А + | d + ВО 
<< р— 
“ч. ~ 
R H H 
further M* 
reduction 
R-CH,OH 


Figure 22.8 Hydride reduction of a carboxylate ester. Attack of the hydride reagent at 
the carboxyl carbon is facilitated by complexation of a Lewis acid (A) at the 
carbonyl-type oxygen atom. The complex metal hydride transfers a hydrogen 
with a pair of electrons to the electron-deficient carboxyl carbon atom. The 
tetrahedral intermediate thus formed breaks down to an aldehyde and an 
alkoxide ion. The aldehyde undergoes further hydride reduction in the 
reaction medium. 


Hydride reductions of esters proceed in stages. Initially, a tetrahedral intermediate (see 
Figure 22.8) forms; the intermediate then breaks down to an aldehyde and an alkoxide ion. The 
aldehyde undergoes further reduction to the alkoxide ion of the primary alcohol. 


Amides The reduction of carboxylic amides occurs with ease using any of the hydride reagents 
already mentioned in this section. However, there is a fundamental difference in the nature of the 
reduction product of amides compared with that of esters; the carboxyl carbon-nitrogen bond of 
the amide remains intact upon reduction, whereas the carboxyl carbon-oxygen bond of an ester is 
cleaved. The product of amide reduction is an amine. Examples of amide reduction are shown in 
Equations 22.30–22.32. 


O 
с шыш СН: ОС NH 
== H3O0CH; — СН, — NH, 
CsHsOCH2~ МН, diethyl ether Ы 2 
phenoxyacetamide 2-phenoxyethylamine 


8096 yield (Eq. 22.30) 
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O 
| NaBH, — 
———— — —- . CHS3CH;CH;— СН, — NH 
CH3CH,CH, = NH, CoCl, 3 2 2 
butanamide шеша butylamine 
7096 yield 
(Eq. 22.31) 
O 
| THF-BH; nom 
25 — = 
CH4(CHj)4 7  —NHCH; снусн), — CH; Я 
N-methylhexanamide hexylmethylamine 


98% yield 
(Eq. 22.32) 


The reduction of amides provides us with an additional powerful method for the preparation 
of amines. We can easily obtain an amine (RCH,NR’) from an acid halide (RCOCI) and another 
amine (HNR’>) (or ammonia). The acid halide and amine react to give an amide, RC(O)NR’>. We 
can then reduce the amide as described above. This approach is similar to that discussed in 
Chapter 20 for the reduction of nitriles. However, while the reduction of nitriles can lead only to 
primary amines, amine synthesis through the amide can be used for the preparation of primary, 
secondary, and tertiary amines. 


Acid Chlorides We have already described (Chapter 19) how acid chlorides can be reduced 
to aldehydes using the reduced-reactivity hydride reagent lithium tri-tert-butoxy aluminum 
hydride. If we use lithium aluminum hydride itself with an acid chloride, rapid reaction occurs 
to generate a primary alcohol. However, this reaction is difficult to control because of the 
extremely high reactivity of LiAlH,. If we wish to generate a primary alcohol from an acid chlo- 
ride, we usually use sodium borohydride rather than lithium aluminum hydride so that the 
reaction is easier to control and safer. An example is shown in Equation 22.33. 


NaBH, 
CH4(CHj44COC]  ——————— > CH, (CH)),4CH,OH 


dioxane 
(aq. work-up) 


hexadecanoyl chloride hexadecanol 
8796 yield (Eq. 22.33) 


DissoLviNc-MerAL REDUCTIONS OF CARBOXYLIC ACIDS 
AND THEIR DERIVATIVES 


An older but useful method for the reduction of carboxylic acids and their derivatives involves 
the addition of an electropositive metal to a solution of the substrate in a protic solvent. Most 
commonly, lithium and sodium are the dissolving metals, which react through free radical 
processes to effect the reduction of the carboxyl group. Although esters are the most common 
substrates for this type of reduction, acids and nitriles also undergo facile reaction. Examples are 
shown in Equations 22.34—22.36. 
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O 
c = CH3(C CH,0 
-------> Нз(СН>)10 — CH50H 
CH4(CHj49 7  - OCH;CH; num XCHyio —CH3 
toluene 
ethyl dodecanoate dodecanol 
75% yield (Eq. 22.34) 
Na 
CH3CH,CH,CH;—CN --------- CH;3CH,CH,CH,CH,NH, 
ethanol 
toluene 
1-cyanobutane pentylamine 
67% yield (Eq. 22.35) 
Li 
CH3CH,CH,CH,CO,H — CH3CH,CH,CH,CHO 
CH3NH) 
pentanoic acid pentanal 
61% yield (Eq. 22.36) 


The reduction of the carboxylic acid (Equation 22.36) is noteworthy in that an aldehyde is 
formed rather than the primary alcohol. This partial reduction of the carboxyl group is a useful 
transformation. 


HYDROGENATION OF CARBOXYLIC ACIDS AND THEIR DERIVATIVES 


In Chapter 19 we saw that we can reduce acid chlorides to aldehydes under simple hydrogena- 
tion conditions using a reduced-reactivity catalyst. (Rosenmund reduction, Equation 19.15). If 
we use an ordinary hydrogenation catalyst such as РіО, or Pd/C, the acid chloride is reduced to 
a primary alcohol. 

Acid chlorides are the exceptions with regard to hydrogenation. Carboxylic acids and 
derivatives other than acid chlorides do not undergo such facile hydrogenation. Special catalysts, 
high temperatures, and high pressures of hydrogen are usually necessary for their reduction. Two 
examples are shown in Equation 22.37 and Equation 22.38. Because of drastic reaction condi- 
tions for these processes (hydrogen gas pressures of several hundred atmospheres), they are not 
standard laboratory procedures. They require special pressure apparatus and often special build- 
ings isolated from other laboratories and personnel because of the explosion hazard. Not 
surprisingly, organic chemists generally prefer to use the alternative methods of reduction 
discussed earlier! 


Сон Н, (250 аёт.) 
------:-::>---- 
ReO;, H,O 
benzoic acid benzyl alcohol 
43% yield (Eq. 22.37) 


CHOH 
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O 
| Н», (200 atm.) 
С SS СНз(СН2)4 = CH, — OH 
СНз(СН2)4 ст OCH3 copper chromite 250° 
methyl hexanoate 1-hexanol 
78% yield 


(Eq. 22.38) 


22.6 REACTIONS OF ORGANOMETALLICS WITH 
CARBOXYLIC ACID DERIVATIVES 


GENERAL 


In Chapter 19 and in Chapter 21 we introduced the reactions that carboxylic acids and acid chlo- 
rides undergo with organometallic reagents. Esters, nitriles, and amides also undergo reaction 
with these highly active reagents. Such reactions are of significant synthetic utility. In all 
instances the driving force for reaction is the interaction of the electron-rich carbon of the 
organometallic species with the electron-deficient carboxyl carbon atom. 


ESTERS 


Esters are the carboxylate derivatives most commonly used as substrates for reaction with 
organometallics. Esters react with both Grignard reagents and organolithium reagents to form 
tertiary alcohols. Ketones form as intermediates in this reaction, but they are susceptible to con- 
tinued attack by an additional unit of the organometallic reagent. The general reaction system is 
outlined here, where M is a metal. 

Since we are unable to stop the reaction at the intermediate ketone stage, the main use of this 
reaction is for the preparation of tertiary alcohols. Examples are shown in Equation 22.39 and 
Equation 22.40. 


О ОН 
c сыны снуна —C— CHCH 
E CO ылы. аа 3 2/14 У“ 2 3 
CH3(CH5)14 ~~~ OCH diethyl ether 
(aq. acid work-up) CHCH; 
methyl hexadecanoate 3-ethyl-3-octadecanol 
96% yield 
(Eq. 22.39) 
OH 
O А 
CH3Li 
П 2 H;C6 — C— CH, 
Н;5С;7 ` OCH; THF 
(aq. acid work-up) CH; 
methyl benzoate 2-phenyl-2-propanol 


74% yield (Eq. 22.40) 
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Reaction of an Organometallic with an Ester 


Overall Reaction: 


O OH 
| R"—M | 
С Ы—Н R—C—R'"-«R'OH 
R^ “ош (aq. acid work-up) 
R" 


Step 1 Attack of the carbanionic reagent at the carboxyl carbon atom. 


| ү 
С >> | R—C-——OR' 
R^ хок 
R" 
В" — М 


Step 2 Decomposition of the tetrahedral intermadiate. 


о, м: O 
Mm | 

ма. = тағ” +MOR 
R" 


Step 3 Attack of the carbanionic reagent at the carbonyl carbon atom. The ketone intermediate 
undergoes continuing reaction with a second equivalent of organometallic. 


и ум 
С -------- вс 
R^ Dg" | 
R" 


Step 4 Protonation of the alkoxide ion upon the addition of aqueous acid. A tertiary alcohol is 
the ultimate product. 


O M* OH 


R—C—R" +H,0*  —— —— —-  R—C—R"  -*H30«M* 


R" R" 
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n M+ 
R—CE=N: ---->- С 
y7 R^ тв! 
R'—M H,O 
NH 
| 
R^ ^R 
| aq. acid 
O 
| 
к<<-к 


Figure 22.9 Reaction of а nitrile with ап organometallic reagent. The reaction generates 
an anionic intermediate that is unreactive toward the organometallic 
reagent. On work-up with aqueous acid, a ketone forms. 


NITRILES 


Unlike esters, nitriles do yield ketones upon reaction with either Grignard reagents or organo- 
lithium reagents. The reaction proceeds (as shown in Figure 22.9) to an anionic intermediate that 
remains in solution until the reaction is subjected to work-up with aqueous acid. Work-up pro- 
duces an imine, which is further hydrolyzed to the observed ketone product. Thus, the carbonyl 
group is not generated until after the aqueous acid work-up. At this time no organometallic 
remains, so there can be no continuing reaction of the ketone. Two examples of the use of this 
reaction for the synthesis of ketones are shown in Equation 22.41 and Equation 22.42. 


A CH3Mgl D 
— 
CN diethyl ether с20 
(aq. acid work-up) | 
CH; 


9-cyanophenanthrene acetophenanthrone 
59% yield (Eq. 22.41) 
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СН-СН(СН;) 
CN  (CHy,CHCH4Li rid ? = 
ве 
diethyl ether о 
heptane 


(aq. acid workup) 


7096 yield (Eq. 22.42) 


22.7 CARBON-CARBON BOND CLEAVAGES INVOLVING 
DERIVATIVES OF CARBOXYLIC ACIDS 


THe HOFMANN REARRANGEMENT 


The Hofmann rearrangement involves the conversion of a primary amide to an amine with 
removal of the carboxyl carbon atom (and the associated oxygen atom). The overall conversion 
is shown in Figure 22.10. It is one of several mechanistically similar reactions. 

We usually accomplish the Hofmann rearrangement by treating a primary amide with a solution 
of bromine in aqueous base. The reaction begins with the base reversibly removing a proton from 
nitrogen to generate an anion. This anion reacts further with bromine to form an N-bromoamide. 
The N-bromoamide then loses another proton to the base. These initial steps are entirely analogous 
to the halogenation of a ketone under basic conditions. In the fourth step the rearrangement occurs 
as the R group of the original amide displaces the halogen from the nitrogen with the formation of 
an isocyanate (R-N=C=O). The isocyanate then undergoes hydrolysis to yield the product amine. 
The carbon-carbon bond that is broken is between the carboxyl] carbon and ће R group. The com- 
plete mechanism is shown here. 

In the process of migration (rearrangement), the R group does not become free. Instead, it 
slides along the carbon-nitrogen linkage, with the new carbon-nitrogen bond forming as the old 
carbon-carbon bond is breaking. Thus, the migration occurs with retention of configuration at 
the carbon that is migrating. We see this retention of configuration clearly when we use an amide 
that is stereogenic at its a-carbon site. We also see it in the facile reaction of the bicyclic com- 
pound as illustrated in Figure 22.11. 

Two examples of the Hofmann rearrangement that are used for synthetic purposes are shown 
in Equation 22.43 and Equation 22.44. 


Figure 22.10 Overall course of the Hofmann rearrangement. The carboxyl carbon atom 
and its associated oxygen atom are eliminated in the formation of the amine 
product. 
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CONH, NH, 
Br, 
-------- 
NaOCH; 
methanol 


Figure 22.11 Hofmann rearrangement of a bridgehead bicyclic amide. The reaction 
necessarily proceeds with retention of configuration at the migrating 
carbon atom. 


The Hofmann Rearrangement 


Overall Reaction: 


С — > RN, 


C 
R^ “МН, + в => C. - C + HB* 


Step 2 Attack of the intermediate anion on a bromine molecule. 


O | О 
» | 
„С зара 
R NH 
Br 


c 


Step 3 Removal of a proton from the N-bromoamide by base. 


+ В ——— C. 4 HB* 
NBr 
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Step 4 Decomposition of the anion and formation of an isocyanate. 


ве R—N-C-O + Вг 


Step 5 Hydrolysis of Ше isocyanate to Ше amine. 


base 
R—N=C=O је R—NH, + CO; 
R'OH/H50 solvent 


Special Topic 
Methyl Isocyanate 
H3;C—N=C=O 


methyl isocyanate 


We saw that isocyanates are produced as intermediates in the Hofmann rearrangement. 
Methyl isocyanate is an industrial chemical that is produced and used in bulk quantities. 

In December 1984, large quantities of methyl isocyanate escaped from a storage container 
at a chemical plant near the town of Bhopal, India. The vapors of the material quickly spread 
across the town and caused the worst catastrophe in the history of industrial chemistry in terms 
of death and suffering. In the first week after the incident, 2,500 people died and over 100,000 
others suffered from debilitating injuries, particularly to the eyes and the respiratory tract. The 
great toxicity of the compound is explained by its high reactivity with nucleophiles. Upon 
exposure to methyl isocyanate, the water in the mucous membranes reacts with it and severe 
dehydration results. Methylamine and carbon dioxide are also produced in this reaction. 


KOH, Br; 
(CH3)2CHCH,CONH) — (CH3),CHCH,NH), 
H50 
3-methylbutanamide 2-methyl-1-aminopropane 
90% yield (Eq. 22.43) 
CONH 
S қ КОН, Вг; Tar 
— ва 
NZ methanol d 
quinoline 3-carboxamide 3-aminoquinoline 


7596 yield (Eq. 22.44) 


CHAPTER 22 Ф Derivatives or CARBOXYLIC ACIDS 893 


THe Вдеуев-Утитсев REACTION 


The Baeyer- Villiger oxidation is a reaction in which a ketone (or aldehyde) is oxidized to an ester. 
The general conversion is shown in Figure 22.12. Overall, it appears that an oxygen atom is inserted 
between the carbonyl carbon and an a-carbon position in this reaction. Normally, we accomplish 
this conversion by simply heating a carbonyl compound with a peroxy carboxylic acid such as per- 
oxybenzoic acid or peroxytrifluoroacetic acid. (We discussed peroxy carboxylic acids in connection 
with the epoxidation of alkenes in Chapter 10.) Three examples of the use of this reaction are shown 
in Equations 22.45-22.47. The mechanism by which this reaction occurs is illustrated on pg. 894. 


The Baeyer-Villiger Reaction 


Step 1 Protonation of the ketone. 


H 
О О is 
I ow, l |o. d 
" — C C - 
к” “о” y^ ue R^,^R вн ву 


H 
“о 
EN 
| О 
ко ^R | 
+ С 
> R^ NR' 
O ^N O | 
| _ | 
uu ye о 
Step 3 Rearrangement of the adduct. 
HS H 
| 3i | 
“=> + 
R^ |“ 07 NR' gp 
[ А R^ 
к"7 хо 
Step 4 Deprotonation. 
H 
je Co 
~ | | 
. + 
B: + > RI — к^ ~ ^R-«HB 
0 
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О О 
i || 
R^ ^R R^ Тов 


FIGURE 22.12 Direct conversion of a carbonyl compound (ketone or aldehyde) to ап ester 
by the Baeyer-Villiger reaction. 


C«HzCO4H 
5 6Н5СОз [ у= 
O 


cyclobutanone y-butyrolactone 
70% yield (Eq. 22.45) 
O 
c O C 
H 
~ МС: 3 
СНз с нАСОЗН i 
— 
O 
cycloheptyl methyl ketone cycloheptyl acetate 
69% yield (Eq. 22.46) 
? С НЕСОЗН 
61155-93 
C —  HsCg$ Ge e 
Н;5С67 СН» T 
acetophenone phenyl acetate 
69% yield (Eq. 22.47) 


The Baeyer-Villiger reaction has its greatest synthetic utility in the oxidation of symmetrical 
ketones, whether cyclic or acyclic, because an unsymmetrical carbonyl compound can generally 
give a mixture of products; there is a possibility that either of two group could migrate with an 
unsymmetrical ketone. The Baeyer-Villiger reaction with unsymmetrical ketones can have syn- 
thetic utility, however, when the unlike groups have very different abilities to migrate. The more 
highly substituted the a-carbon of an alkyl group of a ketone, the more readily the group 
migrates. Since methyl groups migrate very slowly, the reaction can be used with methyl ketones 
for the preparation of esters of acetic acid. Aryl groups migrate more readily than do primary 
alkyl groups, but less readily than do secondary alkyl groups. 


22.8 PYROLYSIS OF ESTERS 


THe PYROLYSIS or ACETATE ESTERS 


In Chapter 7 we discussed the formation of alkenes by acid-catalyzed dehydration of alcohols. 
Often such reactions are of little synthetic value because of carbocation rearrangements that alter 
the carbon skeleton. 
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If we first prepare esters from the alcohols, however, alkene syntheses can often be accom- 
plished without skeletal rearrangements. Pyrolyses, that is, cleavages by heating, of the esters 
lead to the formation of alkenes. 

Ordinary carboxylate esters undergo controlled, concerted cleavages upon heating to rela- 
tively high temperatures. In principle, any acid can serve as the acid portion of the ester, but for 
practical purposes esters of acetic acid (i.e., acetates) are usually used. On heating, acetates 
undergo cleavage through a concerted rearrangement of electrons with a cyclic activated com- 
plex as illustrated in Figure 22.13. The elimination has a syn stereospecificity. 

The major structural requirement is the presence of at least one hydrogen on the second car- 
bon (the B-carbon) of the alcohol portion of the ester. Without at least one hydrogen in this 
position the reaction can not proceeed. An example of a synthetically useful acetate pyrolysis 
reaction is shown in Equation 22.48. 


400° C 
— 
O~ c ^ CH3 (vapor phase) d 


O 
3,3-dimethyl-2-butyl acetate 3,3-dimethyl-1-butene 
96% yield (Eq. 22.48) 
Вы H 
~ ` ~ 
ЈЕ 6 7<- 
| | = ! ! 
dr E с. „С- 
НЗС 07 \ Hi^ 7067 
н / 
оС с— 
| + | 
"S с— 


Figure 22.13 Mechanism of acetate ester pyrolysis. The reaction involves a concerted 
shifting of electrons. 
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We need to use care in devising alkene syntheses using this approach. If there is more than one 
type of D-hydrogen within the alcohol portion of the ester, a mixture of products can (and usually 
does) form. Equation 22.49 shows a simple reaction in which a mixture of two products results. 


O 
| 


о<<-сн; 


vinylcyclopentane X ethylidenecyclopentane 
87% yield 13% yield 
(Eq. 22.49) 


1-cyclopentylethyl acetate 


XANTHATE PvnoLvsis-Tue CHUGAEV REACTION 


Compound known as xanthate esters (of the general formula shown in Figure 22.14) undergo 
pyrolysis to yield alkenes at lower temperatures than do the corresponding acetates. We commonly 
refer to this reaction as the Chugaev reaction. The lower temperatures at which the Chugaev reac- 
tion occurs allow structurally more complex alcohols to be used in alkene syntheses. The overall 
procedure for xanthate ester formation and pyrolysis is shown in Figure 22.14. Two examples of 
alkene syntheses using the Chugaev reaction are shown in Equation 22.50 and Equation 22.51. 


1. CS2, KOH 
— 
2. CH3I 
OH У OW c - SCH; 
| 
5 
3,3-dimethyl-2-butanol 74% yield 
heat 


Б 


3,3-dimethyl-1-butene 
7196 yield (Eq. 22.50) 
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OH 
1. CS2, KOH 
ве. 
2. СНЈ 
3. 160°C 
cycloóctanol cycloóctene 
88% yield (Eq. 22.51) 
S 
KOH | ко 
ЕСН;СН;ОН + S=C=S — —— „СА 
RCH,CH,O S 
CHI 
S 
| 
/ ES 
ЕСН,СН,О SCH; 
a xanthate ester 
> Н 
5 
|| heat E . 
С Lm НС. „с 
RCH;CH;0^ SCH, 507 —sCH, 


|| 
RCH=CH, + С 
HS” “сн, 


FIGURE 22.14 Formation and pyrolysis of xanthate esters. The xanthate ester is formed by 
the reaction of an alcohol with carbon disulfide in the presence of base, 
followed by a displacement reaction of the anion on methyl iodide. The 
pyrolysis occurs in the same manner as does the pyrolysis of acetate esters, 
except that it requires lower temperature. The elimination occurs with syn 
stereospecificity. 
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22.9 SPECTROSCOPIC PROPERTIES OF CARBOXYLIC 
ACID DERIVATIVES 


INFRARED 


All carboxylic acid derivatives exhibit a C=O stretching band in their IR spectra. The exact position 
of this band is quite sensitive to the environment of the C=O linkage. The variation of the position 
of this band for different substituents is shown in Table 22.1. 

Recall that a stretching frequency is related to the strength of a bond. We see that the C=O 
bond is appreciably stronger in acid halides and anhydrides than it is in carboxylic acids, but is 
appreciably weaker in amides. We can understand these trends by taking into account the reso- 
nance structures of the molecules. 

Consider an acid chloride molecule. The chlorine is extremely electronegative, resulting in 
a high polarity for the С-СІ bond. We might thus represent an acid halide as a resonance hybrid 
of covalent and ionic structures, as shown in Figure 22.15. The ionic structures involve an 
acylium ion (КСО). The best resonance structure we can draw for for an acylium ion is one 
with the positive charge on the oxygen atom. In this structure each atom (other than hydrogen) 
has a complete valence level octet of electrons. The charge delocalization provides triple-bond 
character to the carbon-oxygen linkage of an acyl halide. This triple-bond character is consis- 
tent with the increased bond strength and increased carbonyl stretching frequency of such 
compounds compared with their parent carboxylic acids. 

We can make similar arguments about the structure of carboxylic acid anhydrides and, to a 
lesser degree, esters. The two doubly-bound carbon-oxygen stretching bands we observe for 
anhydrides relate to a coupling of the two C=O vibrations., one in-phase and one out-of-phase, 
as shown in Figure 22.16. 


Taste 22.1 Variation of C=O Stretching Frequency with Carboxylic Acid Derivatives. 


Compound Type C=O stretching Frequency (cm!) 
Carboxylic acid 1705-1725 
Carboxylate ester 1735-1750 
Carboxylic amide 1630-1680 
Carboxylic acid chloride 1790-1800 
Carboxylic anhydride 1740-1760 and 1800-1850 
o + 
// / // 
R—C К-С + 4—6 К-С 
“с СГ СГ 


FIGURE 22.15 Contributing resonance hybrid structures for an acid chloride. 
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Ti ig ү ^^ 
МА С ыл Ca. а > С SAZ с 
R О О R 07 “0 
in-phase out-of-phase 
1740-1760 стг! 1800-1850 ст“! 


FIGURE 22.16 Stretching modes of carboxylic anhydrides. The arrows indicate the 
direction of motion of the atoms in each type of vibration. 


Figure 22.17 Resonance structures for a carboxylic amide. Because nitrogen can express 
a strong resonance effect, carboxylic amides have one significant resonance 
structure in which the carbon-oxygen linkage is a single bond. 


Amides have a C=O band that is weaker than those of the other carboxylate derivatives. 
We associate this relative weakness with the ability of a nitrogen atom to exert an electron 
delocalizing effect (resonance—see section 22.3) that is stronger than its inductive effect. 
A resonance structure in which the carbon-oxygen linkage is only a single-bond is signifi- 
cant (see Figure 22.17). Thus, the carbon-oxygen bond in an amide is less than a full 
double bond. 


1H NMR SPECTRA 


Hydrogen atoms attached to a carbon atom that is &-relative to the C=O of a carboxylic acid 
or a carboxylic acid derivative are slightly deshielded and therefore come into resonance at 
~2.0-2.5 6 in a ІН NMR spectrum. Common values for these chemical shifts are shown in 
Table 22.2. 

Protons attached to the carbon atom adjacent to the alcohol-type oxygen of a carboxy- 
late ester also give rise to a characteristic signal. Such protons produce a signal at lower 
field (by ~0.4—0.8 ppm) than do the analogous protons on simple alcohols, as illustrated in 
Figure 22.18. 


13C NMR 5РЕСТВА 


The main feature associated with a carboxyl group in ЗС NMR is a resonance associated with 
the carboxyl carbon atom. It occurs in the region 160—210 ppm downfield from TMS. 
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4.025 


1.228 
P / ща 


HC — C—O — СН, — СН; 


H—O— СН, —CH; 


\ Мы 


3.606 


FIGURE 22.18 Chemical shifts of hydrogens in ethyl alcohol and ethyl acetate. 


ТАВІЕ 22.2 Chemical Shifts of o-Hydrogens in Carboxylate Compounds. 


Compound Type Approximate Chemical Shift (б) 
2.20-2.40 
—C — COH 
H 
2.10-2.36 
== | — СО,СН; 
H 
2-6] 
== | — COCI 
H 
2.08-2.23 
= | — CONH, 
H 
| 2.00-2.28 
-с CN 
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TABLE 22.3 Synthetic Methods for Carboxylate Derivative Interconversion. 


Starting Compound Target Compound 
RCO;H RCOCI RCO;R' RCONR’R” 
RCO;H РС, ог SOCI, ог  R'OH/acid,or R'R"NH/DCC 
ССІ4/(СН5)зР R'OH/DCC 
RCOCI НО R'OH R'R"NH 
RCO,R’ Н,О/асіа, or H,O/base — R^R"NH, heat 
RCONR’R” Н,О/асіа, or Н,О/раве — R’OH, heat 


* 


In the common carboxylic acid derivatives, another functional group is present in place of 
the —OH group of the parent carboxylic acid. 


Table 22.3 summarizes the synthetic methods available for the interconversions among 
carboxylic acids and their derivatives. 


Acid halides, anhydrides, esters, and amides are all reactive toward nucleophiles. The 
nucleophile attacks the carbon of the carboxyl group. 


* The order of reactivity toward nucleophiles is: acid halide > anhydride > ester > amide 


* Nitriles are useful reagents because they can be hydrolyzed to carboxylic acids or reduced 


to amines. 


Carboxylic acid derivatives can be reduced by complex metal hydrides to aldehydes or 
primary alcohols. The reagents for oxidative and reductive interconversion among alco- 
hols, aldehydes, ketones, and carboxylic acids are summarized in Figure 22.19. 


Organometallic reagents react with carboxylic acid derivatives to form ketones. 
Continuing reaction may occur to generate a tertiary alcohol. 


Terms to Remember 


transesterification enzymes xanthate esters 
triglycerides Hofmann rearrangement Chugaev reaction 
hydrolysis Baeyer-Villiger oxidation 


saponification pyrolyses 
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Tollens' reagent, or any mild 
oxidizing agent 


RCHO 2” ксо,н 


1. SOCI, 2. Rosenmund reduction 
or LiAIH[OC(CH3)3]3 


K5C r305/H5SO,, 
or KMnOJ/KOH 


СгОз/ругійіпе 


NaB Hy LiAlH, 


RCH;OH 


peroxy acid 
RR'C—O < > RCO,R' 


K,Cr,07/H,SO4, NaBH, NaOH 
or KMnO,/KOH X5 (when RCO;H 
R' = СНз) 


RR'CHOH 


FIGURE 22.19 The reagents for oxidative and reductive interconversion among alcohols, 
aldehydes, ketones and carboxylic acids. 


Reactions of Synthetic Utility 


177 ROH-R'COC] ---- R'COR 


178. R 


ROH + (7 T —> R'CO;R 


179. 
180. 


181. 


182. 


183. 


184. 


185. 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 
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R;NH + R'COCI ------ К'СОМК, 
R' O R' 
ЖУ Ж 
R,NH + C C ' 
O O 
acid 
ROH + К'СО,К" ------ КСОЖ + R"OH 
R NH + К'СО,К" — R'CONR, + R"OH 
P205 
RCONH, ------ RCN 
aq. acid 
RCO,R' — ЕСОН + КОН 
МОН, water 
RCOjR' --------- RCO; tM + R'OH 
aq. acid " 
КСОМК', ——— ЕСОН + КАН, 
aq. acid 
RCN -------- RCO,H 
ПАША 
RCOjR' -------- RCH,OH + КОН 
МаВН,, АС 
RCO,R' — RCH,OH + КОН 
ПАША 
RCONR' м— RCH,NR'> 
NaBHy 
RCOCI ------- RCH;OH 
dioxane 
Na 
RCO,R' -------- RCH;OH 
ethanol 
Na 
RCN = RCH;NH,; 


ethanol 


904 


194. 


195. 


196. 


197. 


198. 


199. 
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OH 
R"M | 
RCO,R' — R—C—R" 
aq. workup в" 


К"М = Grignard, alkyllithium 


O 

R' "М | | 

RCN —————— С 
aq. workup R^ ^R" 


К"М = Grignard, alkyllithium 


KOH, H,0 
Br, 
? R'CO3H 
--------- RCO;R 
R^ ^R 
? | H heat ~ 
С С. | — 
н,с7 ^o^ | ~ ДИ 


1. CS2, KOH heat 
: 3 


Problem 22.1 
Write a curved-arrow mechanism for the reaction depicted in Equation 22.3. 


(answer) 


Problem 22.2 


A student treats each of the compounds ammonia, aniline, diethylamine, and 
triethylamine with benzoyl chloride. Upon mixing the reagents, each reaction system 
liberates heat, indicating that an exothermic reaction has occurred. Upon workup with 
water the student isolates the appropriate amide product from the reactions involving 
ammonia, aniline, and diethylamine. However, the student isolates benzoic acid from the 
reaction system using triethylamine. Give the structure of each of the products in the first 
three reactions, and explain why benzoic acid was isolated from the triethylamine 
reaction. 


(answer) 


Problem 22.3 


Write a mechanism for the reaction shown in Equation 22.9. Why does the alcohol attack 
the formyl rather than the acetyl carboxyl carbon atom? (That is, why does formylation 
occur rather than acetylation?) 


(answer) 


Problem 22.4 

Predict the major organic product in each of the following reactions: 
a) 2,2-dimethylpropanoyl chloride with ethanol 

b) benzoic anhydride with 4-methylaniline 

с) 2,2-dimethylpropanoyl chloride with ammonia 

d) benzoyl chloride with diethylamine 


(answer) 


Problem 22.5 


Give a set of reagents and reaction conditions for the preparation of each of the following 
esters from the parent alcohol: 


a) cyclohexyl propanoate 
b) ethyl 4-nitrobenzoate 
с) tert-butyl acetate 

d) 1-hexyl formate 


(answer) 


Problem 22.6 


Give the reagents and reaction conditions for the preparation of each of the following 
amides from the parent acids: 


a) N,N-dimethylbenzamide 
b) N-4-methoxyphenylpropanamide 
с) phenylacetamide 


(answer) 


Problem 22.7 
Write a complete mechanism for the reaction shown in Equation 22.10. 


(answer) 


Problem 22.8 


What organic by-product is formed along with the ethyl esters of the fatty acids when a 
coconut oil triglyceride is refluxed with ethanol and sulfuric acid? 


(answer) 


Problem 22.9 


Refluxing a tert-butyl ester [RCO2C(CH3)5] with ethanol and sulfuric acid produces an 
alkene (methylpropene). Suggest a mechanism for the formation of methylpropene. Why 
are alkenes not formed when esters of primary and secondary alcohols are refluxed with 
ethanol and sulfuric acid? 


(answer) 


Problem 22.10 


a) In the amide-to-ester conversion shown in Equation 22.12, boron trifluoride acts 
as a catalyst for the methanol attack on the amide. However, it is consumed in a later step 
of the overall reaction, and thus a full equivalent of boron trifluoride must be used rather 
than a small "catalytic amount." (Remember the Friedel-Crafts acylation reaction.) Show 
the product formed when boron trifluoride is consumed in this reaction. 


b) Write a mechanism for the overall reaction in Equation 22.12. 


(answer) 


Problem 22.11 


The product of Equation 22.14 is trichloroacetonitrile, which is used in coupling reactions 
of alcohols with phosphoric acid to give phosphate esters. Its role is similar to that of 
DCC - it generates an intermediate whose structure is similar to and that acts much like 
an anhydride. Overall, trichloroacetonitrile removes the elements of water from between 
the two reactants. Write a mechanism for the coupling reaction of an alcohol (ROH) and 
phosphoric acid (НзРО4) in the presence of trichloroacetonitrile. 


(answer) 


Problem 22.12 


When we treat ethyl acetate with water and sodium hydroxide that are enriched in "О 
and stop the reaction before all of the ethyl acetate has been hydrolyzed, we find “О 
incorporation into the unhydrolyzed ethyl acetate. Explain in terms of the mechanism 
how the incorporation of ЗО occurs. 


(answer) 


Problem 22.13 


The alkaline hydrolysis of amides proceeds by means of a mechanism analogous to that 
involved in the alkaline hydrolysis of esters (given earlier in this chapter). Write out the 
mechanism for the base-catalyzed hydrolysis of amides. Would you expect amide or 
esters to hydrolyze more readily under alkaline condition? Explain your choice. 


(answer) 


Problem 22.14 


What product would you expect to form upon refluxing £-caprolactam (shown below) 
with hydrochloric acid? (A lactam is a cyclic amide.) 


O 


NH 


(answer) 


Problem 22.15 


Nitriles can be hydrolyzed under aqueous alkaline conditions. Write a mechanism for this 
reaction. 


(answer) 


Problem 22.16 


When phenylacetonitrile is refluxed with ethanol and sulfuric acid, an 8546 yield of a 
compound of formula СН 120 is obtained. Suggest a structure for this product. 


(answer) 


Problem 22.17 


Acid catalyzed hydrolysis of the compound shown below yields a product of formula 
ОН 4О5. Suggest a structure for this product. 


ue 
О CH,(CH,),CN 


(answer) 


Problem 22.18 


For each of the reactions shown in Equation 22.28 and Equation 22.29, give the structure 
of the organic by-product that is formed along with the indicated product. 


(answer) 


Problem 22.19 


Show how you would prepare each of the following amines using a reaction sequence of 
amide formation followed by amide reduction. 


a) benzylamine 
b) cyclohexylethylamine 
с) tri(1-propyl)amine 


(answer) 


Problem 22.20 


Show how you would synthesize each of the following amines starting from ammonia 
and using an amide reduction reaction. 


a) dibenzylamine 


b) cyclohexylethylamine 


(answer) 


Problem 22.21 


Write a mechanism for the last step in the reaction sequence shown in Figure 22.9 (i.e., 
the formation of ketone after treatment with aqueous acid). 


(answer) 


Problem 22.22 


Give the reagents and reaction conditions required for the synthesis of each of the 
following ketones from the indicated starting materials using a Grignard reaction. 


a) p-bromopheny] ethyl ketone from p-bromobenzonitrile 
b) ethyl isobutyl ketone from propionitrile 


с) 2,6-dimethyl-3-heptanone from isobutyronitrile 


(answer) 


Problem 22.23 


How would you prepare p-bromobenzonitrile, the starting material in Problem 22.22, 
starting from benzene? 


(answer) 


Problem 22.24 


Explain why the Hofmann reaction does not occur with N-methylbenzamide. What 
product do you expect to form upon treatment of N-methylbenzamide with bromine in 
aqueous sodium hydroxide solution? 


(answer) 


Problem 22.25 


Consider the last step in the Hofmann rearrangement. Propose a detailed mechanism for 
the formation of the amine from the isocyanate. 


(answer) 


Problem 22.26 


Consider the products formed in the reaction shown in Equation 22.49. What statistical 
ratio of products would we anticipate on the basis of the number of each type of hydrogen 
available for removal? Explain why there is a greater amount of the 1-alkene formed than 
we would anticipate from statistical considerations. 


(answer) 


Problem 22.27 

Predict the alkene products that would result from the pyrolysis of each of the following 
acetate esters. Which of these pyrolyses would you expect to be of value as a synthetic 
procedure? 

a) 3-octyl acetate 

b) 2-phenylethyl acetate 


с) trans-2-methylcyclohexyl acetate 


(answer) 


Problem 22.28 


Explain why we use iodomethane rather than the less volatile iodoethane in the formation 
of the xanthate ester for use in the Chugaev reaction. 


(answer) 


Problem 22.29 


Consider the 'H and "С NMR spectra shown earlier for N, N-dimethylformamide (Figure 
22.5 and Figure 22.6). Predict how these spectra would change as the temperature is 
increased from ambient. 


(answer) 


Problem 22.30 
Substance A (formula СоН СО) exhibits an IR absorption band at ~1790 ст”. On 


treatment of A with aluminum chloride, the compound shown below forms. Suggest a 
structure for substance A. 


O 


(answer) 


Problem 22.31 


Predict the 'H NMR spectra for each of ethyl acetate and methyl propanoate, explaining 
how you would use these spectra to distinguish between the two compounds. 


(answer) 


Problem 22.32 


Give the structures of compounds B-E. 


1. KMnO,, KOH, ЊО 


C SP D 
i 2. aq. acid 
LiAlH, q 
ether (Сон 505) (C4H404) 
(aq. acid IR: 3600 cnr 
work-up) 


B 


hot, conc. HI 
(СәН 003) 
soluble in aq. NaHCO, > E + CHjI 


IR: 2500-3400 cm! 
ІН NMR: 
3.5 0, 2H, singlet 
3.7 6, 3H, singlet 
6.8-7.2 6, AH, doublet of doublets 
11.3 6, 1H, singlet 


(CgHg03) 


(answer) 


Problem 22.33 


Give the systematic name for each of the following structures: 


a) i 
C 
CH,CH,^ ~OC,H; 
b) 
О 
C 
H;C,~ “ОСН, 
с) О 
|| 
C 
H,C,^ OCH, C, Hs 
d) O 
П 
C 
HC,“ N(CH), 
e) 
H, C=C=0 
О 
5 П 
20 
|: "N(CH3) 
g CN 
Br 
h) 
CH, CH, CN 


1) 


е 


2) 


К) 


1) 
[=o 
N 


(answer) 


CH, CH,CH, CO,” 


*Na 


Problem 22.34 

Give the organic products resulting from each of the following reactions: 
a) methyl formate + ammonia 

b) acetic anhydride + 2-propanol 

с) butanoic anhydride -- НСІ gas 

d) sodium propanoate + acetyl chloride 

e) the Rosenmund reduction of propanoyl chloride 


f) ketene + 1,2-ethanediol (product of formula СН 1004) 


g) benzoyl chloride + sec-butylamine 

h) 2-butanol + formic acetic anhydride 

1) methyl acetate refluxed with excess ethanol and sulfuric acid 

j benzamide heated with phosphorus pentoxide 

k) y-butyrolactone refluxed with excess methanol and sulfuric acid 

1) N-methylbutanamide treated with sodium borohydride in the presence of 


cobalt(II) chloride and methanol 


m) ethyl decanoate treated with sodium in ethanol 

n) propionitrile treated with sodium in ethanol 

o) hexanoic acid treated with lithium in liquid methylamine 

p) methyl benzoate treated with excess methylmagnesium bromide and worked-up 


with aqueous acid 


q) benzonitrile treated with phenylmagnesium bromide and worked-up with aqueous 
acid 

r) benzamide + bromine in aqueous sodium hydroxide 

s) N-ethylisobutanamide treated with lithium aluminum hydride 


t) methyl acetate heated with excess methylamine 


u) phthalic anhydride + 2-propanol (1 mole of each) 


(answer) 


Problem 22.35 


What reagent or combination of reagents would you use to accomplish each of the 


following: 

a) reduction of an ester to an alcohol 

b) reduction of an acid chloride to an aldehyde 

с) conversion of а lactone to a diol 

d) conversion of an amide to an amine containing the same number of carbon atoms 
e) conversion of an amide to an amine containing one fewer carbon atoms 

f) conversion of an ester into a carboxylic acid 

g) conversion of a ketone into an ester 

h) conversion of an acid chloride into the ester of a tertiary alcohol 


i) 


conversion of a ketone to a primary amine 


(answer) 


Problem 22.36 


Suggest methods for the conversion of benzamide to each of the following: 


a) ethyl benzoate 
b) benzylamine 
с) acetophenone 
d) aniline 


(answer) 


Problem 22.37 


From each pair of substances, choose the one that exhibits the indicated property and give 
an explanation for your choice. 


a) more reactive toward nucleophiles: acetic anhydride or formic acetic anhydride 


b) hydrolyzes more rapidly under basic conditions: ethyl benzoate or ethyl p- 
nitrobenzoate 


с) more basic: methylamine or acetamide 

d) more acidic: methylamine or acetamide 

e) contains the more acidic hydrogen: benzamide or phthalimide 

f) forms a p-brominated product on treatment with bromine: methyl benzoate or 


phenyl acetate 


g) is not the ester of a naturally occurring fatty acid: СНХСН) «СОСН; or 
CH3(CH5)i3CO;CH5 


h) exhibits a carbonyl IR absorption < 1700 cm ': benzoyl chloride or benzamide 


1) exhibits the lower carbon-oxygen stretching frequency: methyl p-aminobenzoate 
or methyl p-nitrobenzoate 


j readily forms an anhydride on heating: cis-1,2-ethenedicarboxyloate or trans-1,2- 
ethenedicarbox ylate 


(answer) 


Problem 22.38 
Give the structure of each of the following compounds: 


a) compound Е (aspirin, formula CoHsO4) is produced by the reaction of o- 
hydroxybenzoic acid with acetic anhydride 


b) lactone G (formula С5Н4О>) contains a three-proton doublet in its 'H NMR 
spectrum 


с) compound Н (formula С „Ни ОСІ) reacts with aluminum chloride to form the 
structure shown below 


O 


d) compound J (formula СаН Оз) is formed by refluxing the lactone shown below 
with ethanol and sulfuric acid 


O 
Н.С 
О 
е) compound J (formula CsH 140s) yields acetic acid and butane-1,4-diol on heating 
with aqueous acid 
f) compound К (formula C5H ;;NO), on treatment with bromine and aqueous sodium 


hydroxide, yields L (formula C4H 11N), which exhibits a 'H NMR spectrum consisting of 
two singlets 


g) compound M (formula C190H14O) has the following properties: 

(i) reacts with acetic anhydride to give a sweet smelling liquid 

(ii) produces a yellow precipitate when treated with iodine in aqueous 
sodium hydroxide 

(iii) reacts with sodium metal (bubbles form) 

(iv) reacts with chromic anhydride in sulfuric acid, immediately giving 
a blue-green color to the solution 

(v) yields benzoic acid upon treatment with hot, alkaline potassium 
permanganate solution followed by work-up with aqueous acid 

(vi) gives no reaction with bromine in carbon tetrachloride 


h) Compound N (formula C14H2003) is optically active. Refluxing in aqueous 
potassium hydroxide solution converts № to О (formula СН |:О), which is optically 
active,and P (formula С5НюОз), which is optically inactive. On oxidation with potassium 
permanganate, O yields benzoic acid. Compound P has the following spectroscopic 
characteristics: IR absorptions at 2500-3000 and 1720 ст"; 'H NMR (in order from low 
field to high): 1 H singlet, 2 H singlet, 1 H septet, 6 H doublet. 


1) Compound О (formula СН 120) exhibits IR absorption at «1740 cm” and is 
reduced by lithium aluminum hydride to a single organic product В (formula СзНзО). 


j Compound S (formula C16H16O») has the following 'H NMR spectrum: 2.8 6, 2H, 
triplet; 3.4 6, 2H, singlet; 4.2 6, 2H, triplet; 7.1 6, 10H, singlet. On treatment with lithium 
aluminum hydride followed by aqueous acid work-up, S yields an organic product T of 
formula СН оО. 


k) Compound U (formula Сі1Н15МО) is hydrolyzed by refluxing aqueous alkali to 
yield V (formula CgH,,N). On treatment with an excess of aqueous bromine, V is 
converted to W (formula CsHoBrN). Compound V reacts with cold sodium nitrite in 
hydrochloric acid, and when cuprous cyanide is added to the reaction mixture, compound 
X is formed. On refluxing with hot, aqueous potassium permanganate followed by 
neutralization with aqueous acid, X yields Y (formula СзН«О4) whose 'H NMR spectrum 
consists of a singlet at 0.8 6 (relative area 2) and a singlet at 11.06 (relative area 1). 


1) Reflux of compound Z (formula С5НиМО) with aqueous sodium hydroxide forms 


AA. A 2.2 g sample of AA is neutralized by titration with exactly 25 mL of 1.0 M 
hydrochloric acid. 


(answer) 


Problem 22.39 


Give the structures of the compounds BB-DD. 


O 
HCN aq. acid 
> BB > CC 
heat 

H 
(CH NO) (CoH 003) 

Y 

DD 
(СоН |60) 


(answer) 


Problem 22.40 


Substance EE (formula C7H1603) has the following spectroscopic properties: no IR bands 
above 3150 сіп! and no bands in the 1700-1800 cm” region; ІН NMR: 1.2 5, triplet, 9H, 
3.6 6, quartet, ӨН, 5.1 6, singlet, ІН. Compound EE reacts with cyclohexylmagnesium 
bromide to yield cyclohexanecarboxaldehyde in 73% yield after work-up with aqueous 
acid. Deduce the structure of EE. 


(answer) 


Problem 22.41 


Describe the anticipated 'H NMR spectrum of CH3CO2CH2CH2CD2CHs. 


(answer) 


Problem 22.42 


A student decides to attempt the reaction of benzamide with ethylmagnesium bromide. 
He observes that reaction occurs (bubbling with the evolution of a gas). However, after 
work-up of the reaction with aqueous acid he recovers his starting material is almost 
quantitative yield. What happened? Which gas was evolved? 


(answer) 


Problem 22.43 


A different student tries the reaction of N,N-diethylbenzamide with ethylmagnesium 
bromide. This student observes no gas evolution. She works up the reaction with aqueous 
acid and obtains a good yield of the product, propiophenone. Give a mechanism for the 
reaction that occurred in this instance. Why did this amide react differently than the 
amide in the previous problem. 


(answer) 


Problem 22.44 


Deduce the structure of compound FF, which results from the following series of 
reactions: 


| СН;  N-bromosuccinimide 


Ре сн 
Н.С e heat 14 142 2 
KCN 
Y 
Cis Но №, 
HCI 
H,O 
Y 
soci, 


Съ ВОС, 77 Cie Hio Оц 


AICI; 


FF 


(answer) 


Problem 22.45 


When o-nitrosobenzamide is treated with aqueous sodium hydroxide solution, nitrogen 
gas is evolved and the sodium salt of benzoic acid forms. The initial reaction leads to the 
formation of a reactive intermediate with the structure shown below. Write a complete 
mechanism (using the curved-arrow formalism) for the formation of this intermediate and 
its continuing reaction to yield the final products. 


O 


„М 
N 


(answer) 


Problem 22.46 


When cyclopentyl methyl ketone is subjected to Baeyer-Villiger oxidation, a 61% yield 
of cyclopentyl acetate is obtained. Which group migrates more readily, the secondary 
cyclopentyl group or the methyl group? 


(answer) 


Problem 22.47 


In the Baeyer-Villiger oxidation we usually find that the more nucleophilic group 
migrates preferentially. Predict the product of the following Baeyer-Villiger oxidation. 


О 
C,H5CO,H 


(7 p 
heat 


OCH, 


(answer) 


Problem 22.48 


Provide a mechanism for the following reaction: 


OH 
CONH, 
СІ NaNO, SN 
= N 
NH, Н,504 N^ 


(answer) 


Problem 22.49 


Give structures for compounds GG-II. 


| acid 
H—C=C—CH,OH + _ м 


O 


CO, 


П M 


aq. acid work-up 
(C4H403) 


(answer) 


» GG 


(CgH,505) 
a ketal 


CH; CH, MgBr 
ether 


М 
НН 


(СН 11 O,MgBr) 


Problem 22.50 


Explain why the synthesis of И in the previous problem could not be shortened by using 
the following sequence of reactions: 


1. CH; CH, MgBr 

2. CO, 

3. aq. acid 
H—C=C— CHOH  —— — — —— HI 


(answer) 


Problem 22.51 

Propose syntheses for each of the following compounds from benzene or toluene. 
a) N,N-diethyl-m-toluamide (the active ingredient in Off™ insect repellent) 
b) ethyl p-aminobenzoate (benzocaine) 

с) ethyl phenylacetate 

d) N-benzylbenzamide 

e) 2-phenylethylamine 

f) triphenylmethanol 

g) p-nitrobenzoyl chloride 


h) m-nitrobenzoyl chloride 


(answer) 


Problem 22.52 


A lactone of formula CsHgO2 forms when 4-pentenoic acid is treated with sulfuric acid. 
Suggest a structure for the lactone and write a mechanism for its formation. 


(answer) 


22.1-answer 


22.2-answer 


HC, Тмн,сн;), 


The reaction involving triethylamine generates an intermediate species of structure shown 
here: 


O 
|| 


Св 
н.с, ^  "N(CH,CH,); 


This species is unable to lose a proton from the nitrogen (the nitrogen has no proton 
bound to it), and as such, remains a highly reactive intermediate, comparable in reactivity 
to an acid chloride. When water is added the triethylamine is displaced (as chloride 
would be from an acid chloride) and benzoic acid is generated. 


22.3-answer 


C ——— 
LS KS 
HE Ро UH io^ o н 
+ OCH,CH=CH 
ж 2 2 
Н 
H,C=CHCH,OH 
Y 
0 CH,CO, 
|| 
„С. n 
CH45CO;H + О Н a H TA C 
O^ ^H 
СН,СН-СН, | 
CH,CH=CH, 


The formyl carboxyl carbon is attacked preferentially compared to the acetyl carboxyl 
carbon because the formyl carboxyl carbon is the more electrophilic of the two. The 
acetyl carboxyl carbon has an electron-donating group (the methyl group) attached that 
pushes electron density toward the carboxyl carbon site, rendering it less susceptible to 
attack by an electron rich species. 


22.4-answer 


a) О 
| 


c= 


(CH;);C~ ~OCH,CH, 
b) 


с) 


d) О 


С) 


22.5-answer 

a) cyclohexanol treated with propanoyl chloride 

b) ethanol treated with 4-nitrobenzoyl chloride 

с) tert-butyl alcohol with lithium fert-butoxide treated with acetyl chloride 


d) 1-hexanol treated with formic acetic anhydride 


22.6-answer 
a) benzoyl chloride treated with diethylamine 
b) 4-methoxyaniline treated with propanoic anhydride 


с) aniline treated with acetyl chloride 


22.7 -answer 


„С 


Н,С-СН” ОСН; 


OH 
Б 
HC-CH^ k ^OCH; 


CH4(CH;),CH,OH 


Y 


OH 


OH | 
| H,c-cH {осн 
HB* + нес осш: С=С | OCH; 
+ 
ОСН,(СН,);СН; ОСН» СН» CH; 
H 
Y | 
OH 
oc. ! ó + CH4OH 
H,C=CH | (OCH; H,C-CH* (“он 
ОСН,(СН,), СН; OCH, (СН) СН, 
В: | 
Y 
O 
// 
HB* + -C 
ње=сн“ N 


OCH, (CH,),CH, 


22.8-answer 


glycerol (1,2,3-propanetriol) 


22.9-answer 


H,SO, t 
(СН 3)5 СОН ouv (CH; ) 3 COH, 


Y 


(CH3)3;C+ + НО 


у 


= + H40* 


Primary and secondary alcohols do not form carbocations under these conditions. 


22.10-answer 


a) 
- + 
F;B—NH; 
Formed as a salt by the reaction of the acid BF; with the base H3N:. 


b) 


| ВЕ; | 
29 » 
H5C;, NH, шх. 
НС + NH 
H,COH 
Y 
ве ч 
„86 | 
| H* transfer " 
< А x 
Т Е ------- н.с. NH; 
Н;С; «Е + 
О 
Pd — 
Н.С 


Y 

Td. 4 

D = | 
ct + NH, 

HC EX Н;С; 


22.11-answer 


N + Н;РО, 


ChC—C 


22.12-answer 


The critical intermediate in the reaction is able to undergo proton transfer between 
oxygen atoms as illustrated below: 


о НО OH 
| | 
Bc он Q1 ^" р к= OH +HO 


OR' OR' 


HO 


This leads to !*O incorporation into "unreacted" starting ester. 


22.13-answer 


4 + НО ——- c 
NH; 
ЈЕ 
v он >- H + H,N 
R X R^ `o- 


© 
© 


С + НМ ә + Н.М 
H 2 3 


We would expect the base-catalyzed hydrolysis of the esters to proceed faster than the 
base-catalyzed hydrolysis of the amides because the alkoxide anion is a better leaving 
group than is the amide anion. (Alcohols are more acidic than are amines.) 


22.14-answer 


O 


OH 


cr 
NH; + 


22.15-answer 


> : 
R—C=N: «ОН.  — —— R—C=N 
и | 
OH 
H-O-H 
Y 
H H 


22.16-answer 


22.17-answer 


CO,H 


CO,H 


22.18-answer 
22.28 
СН;СН,ОН 


22.29 
СН СН, OH 


22.19-answer 


a) 1. Benzoyl chloride treated with ammonia. 
2. Reduction of the benzamide with ПАН, in diethyl ether with aq. work-up. 


b) 1. Propionyl chloride treated with cyclohexylamine. 
2. Reduction of N-cyclohexylpropionamide with ПАН, in diethyl ether with aq. 
work-up. 


с) 1. Butanoyl chloride treated with dipropylamine. 
2. N,N-Dipropylbutanamide reduced with LiAIH, in diethyl ether with aq. work- 


up. 


22.20-answer 


a) 1. Benzyl chloride treated with ammonia. 

2. Benzoyl chloride treated with the above formed benzylamine 

3. The resultant N-benzylbenzamide reduced with ІЛДІҢ in diethyl ether with aq. 
work-up. 


b) 1. Bromocyclohexane treated with ammonia. 

2. Propionyl chloride treated with the above formed cyclohexylamine. 

3. The resultant N-cyclohexylpropionamide reduced with ПАЈА in diethyl ether 
with aq. work-up. 


22.21-answer 


No 


R' 


22.22-answer 


a) 1. p-bromobenzonitrile treated with ethylmagnesium bromide 
aq. acid work-up 


b) 1. propionitrile treated with isobutylmagnesium bromide 
25 aq. acid work-up 

с) isobutyronitrile treated with 3-methyl-1-butylmagnesium bromide 

aq. acid work-up 


px 


22.23-answer 


benzene treated with Br2/Fe to give bromobenzene 
bromobenzene nitrated with HNO4/H5SO, 

reduction of 4-nitrobromobenzene using Sn/HCI 

treatment of 4-bromoaniline with NaNO./H,SO, at 0° C in water 
addition of CuCN to the diazotized 4-bromoaniline 


a oer qao 


22.24-answer 


There is required the presence of two hydrogens on the amide nitrogen for the completion 
of the reaction. In the instance of N-methylbenzamide there is only one such hydrogen 
and the reaction would stop with the formation of: 
O 
|| 
С 
NCH, 


Br 


22.25-answer 


но — (^ 
A 
R—N 


(НО),С=0 + ВМИ 


proton transfer 


но = 


СЕО 
/ 

Sica Nee 
\ “ОН 


Н 


RNH, + НО: 


22.26-answer 


Based on the relative number of hydrogens available to generate each product, we would 
predict the terminal alkene product to be three times the amount of the internal alkene 
product. In fact, we observe that terminal alkene accounts for more than three times the 
amount of the internal alkene product owing to the fact that attainment of the required 
conformation for formation of the internal alkene is sterically hindered. 


22.27-answer 


a) 


b 
) Sus 
с) 


T 
о 
о 
т 


The reaction of a) would be synthetically useless, while those from b) and c) could be 
used synthetically. The reaction of c) yields a single product owing to stereochemical 
restrictions for the generation of the activated complex. 


22.28-answer 


We generate the methyl rather than the ethyl ester because the ethyl ester, having a B- 
hydrogen, would be able to undergo an elimination reaction with the thiolester linkage 
rather than the desired oxoester linkage. Using a methyl ester, this can not occur since 


there is no B-hydrogen on the thiolester portion. 


22.29-answer 


As the temperature is increased, the barrier to rotation about the C-N linkage is more 
readily crossed. Ultimately, rotation about the C-N linkage is rapid and the signals (two 
methyl hydrogen signals in the 'H NMR and the two methyl carbon signals in the ме 
NMR) each coalesce to а single peak at Ше approximate average of Ше separate chemical 
shifts for each pair. 


22.30-answer 


(а 7 E 


22.31-answer 


Ethyl acetate 
~ 1.2 6, triplet, 3H (methyl of ethyl group) 
~ 2.4 6, quartet, 2H (methylene of ethyl group) 
~ 3.7 6, singlet, 3H (methyl adjacent to carboxyl carbon atom) 


Methyl propanoate 
~ 1.2 6, triplet, 3H (methyl of propanoate chain) 
~ 2.0 6, singlet, 3H (methyl of ester linkage) 
~ 4.1 6, quartet, 2H (methylene adjacent to carboxyl carbon atom) 


We can clearly tell the difference between the two samples by the interchange of the 
locations for the quartet and singlet in each spectrum. 


22.32-answer 


B 


| CH,CO,H 


НСО 


| CH, CH, OH 


22.33-answer 


a) 
b) 
с) 
4) 
е) 
f) 
g 
h) 
i) 
2) 
k) 


ђ 


phenyl propanoate 
methyl benzoate 

benzyl benzoate 
N,N-dimethylbenzamide 
ketene 
N,N-dimethylacetamide 
p-bromobenzonitrile 
propionitrile 
N,N"-dicyclohexylcarbodiimide 
sodium butanoate 
6-valerolactone 


N-methyl-y-butyrolactam 


22.34-answer 
a) formamide 


b) 2-propyl acetate 


с) butanoyl chloride and butanoic acid 
d) acetic propanoic anhydride 

e) propanal 

f) ethane-1,2-diacetate 


g) N-(2-butyl)benzamide 
h) 2-butyl formate 

1) ethyl acetate 

j benzonitrile 


k) methyl 4-hydroxybutanoate 


1) butylmethylamine 

m) 1-decanol and ethanol 
n) propylamine 

о) һехапа! 


р) 2-phenyl-2-propanol 


q) benzophenone 

r) aniline 

$) ethylisobutylamine 

t) N-methylacetamide and methanol 


u) 


O 
|| 


C 
СІ “осн(сн,); 
CO,H 


22.35-answer 


a) 
b) 
с) 
d) 
e) 
f) 
g 
h) 


i) 


ПАН: in diethyl ether 

LiAIH[OC(CH23);] in diethyl ether (one equivalent amount) 
ПАН, in diethyl ether 

ПАН, in diethyl ether 

KOH, H5O, Вг; 

aq. acid 

peroxybenzoic acid 

the teriary alcohol with the lithium salt of the tertiary alcohol 


1. hydroxylamine with acid catalyst; 2. H5, PtO; 


22.36-answer 


a) 


b) 


с) 


4) 


1. aq. acid/heat to generate benzoic acid 

2. excess ethanol and an acid catalyst 

ПАН, in diethyl ether 

1. Р>О5, heat 

2. methylmagnesium iodide, diethyl ether, aq. acid work-up 
KOH, H,O, Во 


22.37-answer 


a) formic acetic anhydride - the formyl site is more susceptible to attack by 
nucleophiles than is the acetyl site. 


b) p-nitrobenzoate - the nitro group is electron withdrawing making the carboxyl 
carbon more susceptible to attack by an electron rich reagent. 


с) methylamine - the nitrogen valence level electron pair is delocalized in acetamide 
rendering the site less basic. 


d) acetamide - the resultant anion from acetamide is resonance stabilized by 
delocalization of the charge to the carboxyl oxygen atom. 


е) phthalimide - the resultant anion is stabilized by charge delocalization to two 
oxygen sites. 


f) phenyl acetate - the oxygen substituted ring is ortho/para directing whereas the 
carboxylate substituted ring is meta directing. 


g) CH3(CH2);3CO2CHs - it contains an odd number of carbons in the carboxylate 
portion; biologically derived systems always contain an even number of carbon atoms in 
the carboxylate portion. 


h) benzamide - acid chlorides absorb at higher frequencies. 


1) methyl p-aminobenzoate - it has diminished double bond character between the 
carbon and oxygen owing to electron donation from the amino group. 


j cis- 1,2-ethenedicarboxylic acid - the two carboxyl groups are in position to 
provide the anhydride linkage intramolecularly 


22.38-answer 


CO,H 
F 0, CCH, 
O 
G 
H,C 
О 
сос 
Е CLS 
O 
НЗС пач 


OH 
J NN Os 
HCO, 


(СНз): CCONH, 


(CH3); CNH, 
OH 


OH 


У OH 
О 
CH; CH, CH, OH 
a RU e 
О 
О 
corres 
ма + 


22.39-answer 


HO CN 
BB 
HO COH 
CC 
О 
рр О 
О 


22.40-answer 


HC(OCH;CH3)5 


22.41-answer 

0.90, singlet, 3H 
1.26, triplet, 2H 
2.00, singlet, 3H 


4.26, triplet, 2H 


22.42-answer 


Ethane gas was evolved. The ethyl Grignard abstracted a proton from the nitrogen of the 
benzamide generating the corresponding anion from benzamide, which regenerated 
benzamide upon the addition of aqueous acid. 


22.43-answer 


о) a 


N(CH,CH,), — N(CH,CH,) 
2 2 


CH,CH, 
CH 3CH,-Mg-Br 


H40* 


N(CH,CH;), 
CH,CH, 


Y 


OH 


+ 


CH,CH, 


This compound reacts differently than does benzamide since it has no even moderately 
acidic hydrogens that can be removed by the Grignard. 


22.44-answer 


22.45-answer 


O 
НО” 
NH, „> 
Nz 
O 
H,O 
NH E 
И » 
N 
\ 
OH 
но |} 
Y 
O 
N — 
Lp Wem 
N 
VON 
COH 
N, + = 
-H* 


C,H;CO, *M 


22.46-answer 


The methyl group migrates preferentially to the cyclopentyl group. 


22.47-answer 


OCH, 
O LY 
O 


22.48-answer 


CONH, 
> 
+ 
N=N 
Y 
O 
+ А 
-H* Nes я 
-N 
N 


22.49-answer 


24 LY 
+ H 
O O 
HH СІ === MgBr 
O O 


п HO,C—CZC—CH,OH 


22.50-answer 


The initial proton removed by the Grignard reagent would be the hydroxylic proton, and 
thereby the acetylide anion would not be generated. 


22.51-answer 


a) 


b) 


с) 


4) 


е) 


from toluene 

1. KMnO4//KOH/H;O/heat 
2. CH3I/AICI5 

3. SOCI, 

4. diethylamine 


from benzene 

1. HNO3/H?SO04 

2. KMnO,/KOH/H,O/heat 
3. ethanol/acid/heat 

4. Sn/HCI 


from benzene 

1. Br;/Fe 

2. Mg/ether 

3. ethylene oxide 
4. СтОз/Н,80; 

5. ethanol/acid/heat 


from toluene 
1. KMnO,/KOH/H,O/heat 
2. ОСІ 
3. aniline 
from benzene 
1) HNO3/H2SO4 
1) Sn/HCI 


from benzene 

1. Br;/Fe 

2. Mg/ether 

3. ethylene oxide 
4. PBr3 

5. ammonia 


from benzene 
1. Br;/Fe 
2. Mg/ether 
3. methyl benzoate 
from benzene 
1) Вг/Ее 
ii) Mg/ether 
iii) CO, 
iv) methanol/acid/heat 


9) 


h) 


from toluene 

1. НМО-/Н,5О, 

2. KMnO4/KOH/H?O/heat 
3. SOCI, 


from toluene 

1. KMnO,/KOH/H,O/heat 
2. HNO3/H2SO.4 

3. SOCI, 


22.52-answer 


“езшен 


(0) 


HSO, 
» 


ENAMINES, ENOLATES, AND 
o,B-UNSATURATED CARBONYL 
COMPOUNDS 


23.1 INTRODUCTION 


In earlier chapters we discussed methods for preparing carbanionic reagents. We saw that two 
important classes of such reagents, organometallics and ylides, can be prepared from haloalkane 
precursors, as shown in Figure 23.1. These reagents are of great value for synthetic work as they 
are a source of nucleophilic carbon. 

Carbonyl compounds (aldehydes and ketones) and related compounds (particularly esters) 
can also be used as convenient precursors to carbanionic reagents. In this chapter we will see 
how such species can serve as carbon nucleophiles for organic syntheses. 

This chapter will also discuss the chemistry of о, -unsaturated carbonyl compounds, with 
particular emphasis on their reactivity toward carbanionic reagents. 


23.2 €NAMINES AND ENOLATE IONS: STRUCTURE AND 
REACTIVITY 


Recall (section 19.9) that enamines are prepared by allowing a secondary amine to react with an 
aldehyde or ketone and removing water as it is formed. Another example of this type of reaction 
is shown in Equation 23.1. 


нон Q 


нас“ cH, M ———- 
H H;C6 SCH, 
acetophenone morpholine 60% yield (Eq. 23.1) 
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Organometallics 


Mg 


RMgX 
ВЕ аи 
RX TX “ин both behave as R^ ™ 


Li . 
ether RLi 


Ylides 


(C;H5);P + х= 
ВСНХ — — — — > RCHjP(C4H3), 


RLi 


+ 
RCHP(C,Hs); 


FIGURE 23.1 Preparation of organometallics and ylides from  haloalkanes. Both 
organometallics and ylides are carbanionic. Both have the potential to act as 
nucleophiles through the negatively charged carbon atom. 


One reaction in which enamines participate is the overall alkylation of carbonyl compounds, 
as shown in Equation 23.2. 


N 


| 
O H ( қ ) 
pyrrolidine 1. CHI СН; 
————— 
2. aq. acid 
cyclohexanone o-methylcyclohexanone 


80% yield (Eq. 23.2) 


In order to understand why enamines behave as carbon nucleophiles, we must consider their 
bonding. An enamine has two resonance structures, as shown in Figure 23.2. In one structure a 
negative charge is located at the a-carbon atom. We anticipate (and find) that this carbon atom 
has the potential to serve as a nucleophile. We will find specific examples of this reactivity later 
in this chapter. 
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Molecular Orbital Analysis 


Enamines 


We can also correlate the nucleophilicity of an enamine with the nature of its highest occupied 
molecular orbital (HOMO). As Figure 23.3 shows, there is a similarity between the structure of an 
enamine and that of an allyl anion. Enamines have the same type of т molecular orbitals as do allylic 
anions whose 1 molecular orbitals we have studied in Chapter 16. In each instance the HOMO has a 
node at the central atom. The electron density of the HOMO is concentrated at the two ends of the 
three-atom system, suggesting that enamines behave as nucleophiles by using either the terminal 
carbon or the terminal nitrogen of the С-С-М unit. We find this to be the situation, with the two types 
of reactions competing with each other. However, the dominant mode of reaction is through the 
carbon atom in alkylation reactions. We thus have a synthetically useful reaction system; examples 
of its applications will be given later. 


Energy 


/ 

:C— 

/ similar 

т molecular HOMO • n 

N y orbitals 
C=C 
/ 
ain E 


Figure 23.3 The x molecular orbitals of an enamine and an allyl anion. These 
molecular orbitals are fundamentally similar. The HOMO of each bears 
electron density only at the terminal atoms. 


We also anticipate that enols should behave much like enamines. Enols and enamines have 
similar structures (and similar л molecular orbitals—see Figure 23.3). However, enols are gen- 
erally unavailable for synthetic work because they tautomerize to the corresponding carbonyl 
compounds. 
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R R R R 
№ а E 7 
С= <-> C—C 
/« А % 
R IN —R' R N—R' 
/ /+ 
R R' 


FIGURE 23.2 Resonance structures for enamines. In one of the pair of structures 
representing an enamine, carbon bears a formal negative charge, giving the 
enamine the potential to function as a nucleophile. 


FIGURE 23.4 Formation of an enolate ion. An enolate ion forms when a hydrogen 15 
abstracted by a base from the a-carbon atom of a carbonyl compound. 


Although enols themselves are generally of limited synthetic use, enolate ions are extremely 
useful. We prepare enolate ions by allowing a carbonyl compound bearing at least one 
о-һуйгореп to react with a base, as illustrated in Figure 23.4. There are two ways in which we 
use bases to generate enolate ions from carbonyl compounds. One method involves the use of a 
full molar equivalent of a base that is sufficiently strong to convert all of the carbonyl compound 
to the enolate ion. The other method involves the use of a weaker base that establishes an equi- 
librium in which the concentration of enolate ion may be quite small. Both of these methods 
have their uses (see section 23.4). 

Enolate ions, like enamines, can function as nucleophiles through either the oxygen atom 
or the a-carbon atom. The synthetically more important reaction is nucleophilic attack 
through the a-carbon, and there are many important reactions in which this reaction mode is 
dominant. 


23.3 THE USE OF ENAMINES IN SYNTHESIS 


A synthetic sequence is shown in Figure 23.5 in which enamine chemistry plays a pivotal role. 
The net result of the reaction sequence is the conversion of a ketone to an o-substituted ketone. 
This specific example shows how enamines can be used to achieve substitution at the о-сагроп 
atom of an aldehyde or a ketone. 
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+ - 
( ) ( ) ( ) Br 
О N N N 
BrCH5CO;CH;CH; CH,CO,CH,CH, 
% ------------>- 


| 
H 
------- 
acid 
(an iminium ion) 


aq. acid 


CH,CO,CH,CH; 


56% yield 
from enamine 


Figure 23.5 Use of an enamine in a synthetic sequence resulting in о-зибз и оп of 
cyclohexanone. Another example is given in Equation 23.2. 


Let’s consider the details of this reaction sequence. First, we form the enamine by reaction 
of the ketone starting material (cyclohexanone in this example) with a suitable secondary amine. 
(Cyclic secondary amines generally give better results than do acyclic secondary amines 
because they are more nucleophilic and form the enamine more readily.) Then, we allow the 
enamine to react with a suitable substrate (here, ethyl o-bromoacetate). Nucleophilic attack by 
the enamine to displace the bromide leads to an iminium ion and bromide ion. The iminium salt 
so formed is then subjected to hydrolysis under acidic conditions to form the target o-substituted 
carbonyl compound (here a ketoester). 

Some simple haloalkanes react with enamines to give a mixture of N- and C-alkylated 
products. An example is shown in Figure 23.6. The minor product of the alkylation step in 
Figure 23.6 is an N-alkylated enamine, a simple quaternary ammonium salt that does not 
undergo hydrolysis in the final aqueous acid work-up. Because this product does not undergo 
hydrolysis, the two products can be separated with relative ease. The N-alkylated product 
remains in the aqueous solution (quaternary ammonium salts are generally quite soluble in 
water), while the ketone product of the hydrolysis step does not. We isolate the ketone product 
by extraction with a suitable organic solvent followed by evaporation of the solvent. The 
a-alkylated ketone produced in the reaction in Figure 23.6 can be isolated in satisfactory yield 
despite the competing N-alkylation reaction. 
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Enamine formation 


О acid Ж 
ОС 6 


| 
H 93% yield 


+ r 
N 
зе | 
CH, A-alkylation 
N | \ СНз (minor product —water 
б soluble and inert to 
hydrolysis) 


cH, / 
Nt 
С 


C-alkylation 
(major product) 


Alkylation 


Hydrolysis 
CH; : VILE 
nt aq. aci O 
Гг 
81% yield 


FIGURE 23.6 Competing N- and C-alkylation reactions of ап enamine with а haloalkane. 


23.4 THE FORMATION OF €NOLAT€ IONS 


In the previous section we saw a general method for the ocalkylation (or acylation) of aldehydes 
and ketones using enamine chemistry. In principle, we can achieve the same result using enolate 
chemistry—Figure 23.7 illustrates in general terms how ocalkylation of cyclohexanone could be 
accomplished. 

The practicality of this approach depends on a number of factors. Among the most impor- 
tant of these are the acidity of the carbonyl compound and the strength of the base used to 
abstract the o--hydrogen. These factors govern the degree to which the carbonyl compound can 
be converted into the enolate ion. If the conversion is complete or almost complete, the method 
can (with some care) be viable for o-alkylation or acylation. However, if the conversion 15 
inefficient, a small amount of enolate and a large amount of the parent carbonyl compound 
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+ R—X — 


Figure 23.7 Alkylation of an enolate ion. A carbonyl compound can be alkylated at the 
a-carbon atom by first converting it to an enolate ion and then using the 
enolate ion as a nucleophile in a substitution reaction on a haloalkane or 
other suitable substrate. 


| i 
С + НО « C + H,O 
Н.С” УСН; Н.С“ ~CH, 
pK, = 19 pK, = 16 
weaker acid weaker base stronger base stronger acid 


Figure 23.8 Reversible enolate ion formation with acetone and a relatively weak base. 


would be present in the equilibrium mixture; under these conditions the enolate ion often reacts 
with a molecule of the parent carbonyl compound. 

In general, we would like to know if a given combination of carbonyl compound and base 
will generate a large or small equilibrium concentration of enolate ion. We can determine this 
by considering the quantitative acid/base properties (pK, values) of the carbonyl compound and 
the base. For relatively complete conversion of the carbonyl compound to enolate ion, the acidity 
of the carbonyl compound must be much greater than that of the conjugate acid (HB) 
corresponding to the base (B-) used. That is, the pK, of the carbonyl compound must be much 
smaller than that of the base used. 

Consider, for example, the reaction of a typical ketone, acetone, with various bases. Acetone 
has a pK, value of approximately 19. If we add hydroxide ion to acetone, only a small fraction 
of the acetone is converted to the enolate ion, as shown in Figure 23.8. 

On the other hand, bases much stronger than hydroxide ion are able to bring about the 
rapid and essentially complete conversion of a ketone to its enolate ion. However, we must be 
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careful in our choices of which strong base to use. One potential problem is that many strong 
bases can also function as potent nucleophiles. If we add such a base to an aldehyde or ketone, 
nucleophilic addition to the carbonyl group competes with enolate formation. If we make a 
poor choice of base, nucleophilic addition will dominate completely over enolate formation. 
For example, we know that Grignard reagents and alkyllithium reagents can serve as sources 
of carbanions. Such reagents are strongly basic, but usually we can not use them to produce 
enolates from carbonyl compounds because nucleophilic addition rather than enolate forma- 
tion occurs. 

We need a strong, nonnucleophilic base to achieve selective enolate formation. Lithium 
diisopropyl amide (LDA, 23.1) is ideal. LDA can be prepared by adding butyllithium to 
diisopropylamine, as shown in Figure 23.9. 


H 
(CH3)2C 


Li 
(CH3)2C 


H 
lithium diisopropyl amide 
23.1 


LDA is useful in this type of reaction because it is a strong base, but a weak nucleophile. 
Its weak nucleophilicity results from the relatively large size of the isopropyl groups, which 
hinder the approach of LDA to the carbonyl carbon, rendering nucleophilic addition difficult. 
Equation 23.3 shows an example of the use of LDA in the a-alkylation of a ketone. This 
approach is generally not useful for the alkylation of aldehydes. Unless the aldehyde is 
converted very rapidly and quantitatively into its enolate ion, nucleophilic attack by the 
enolate ion on the carbonyl carbon of an unreacted aldehyde molecule will occur. This 
reaction is known as an aldol condensation, a process that we will explore in detail in 
section 23.7. 


O 
ү 1. LDA in СН)ОСН;СН,ОСН; | 
C — > H;C,~ “ХСНСН; 
НС“ “сн;сн; 2. CH3CH;CH;CH5Br 
CH,CH,CH,CH3 
propiophenone phenyl 2-hexyl ketone 
75% yield (Eq. 23.3) 


However, we can alkylate esters at the carbon 04 to the carboxylate group using reaction con- 
ditions similar to those noted for the alkylation of ketones. Such reactions normally proceed in 
good to excellent yield, as illustrated by Equation 23.4. 
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H H 
CH d CH с^ 
( 326 CH,CH,CH,CH,Li (ОН) V 
УМН Е :N: + butane 
/ / Lit 
(СНС (СНС 
N N 
H H 


FIGURE 23.9 Preparation of LDA. 


1. LDA (-78°C 
CH3CH;CH4CO;CH; Си CH;CH;— CHCO;CH; 


2. СНА Сн, 


methyl butanoate methyl 2-methylbutanoate 
9896 yield 


(Eq. 23.4) 


Bases other than LDA can be used in these types of reactions. For example, we can convert 
ethyl phenylacetate to its enolate by reaction with sodium amide in liquid ammonia. This eno- 
late ion undergoes alkylation quite efficiently, as shown in Equation 23.5. 


O 


О 
| || 

1. NaNH, in liq. NH С-. 
сұнысн,<6-осн;сн; ———— —— н.с, сн ~ OCH CHS 


2.C H;CH,CH>Br 
6 CH,CH,C,Hs 


ethyl phenylacetate ethyl 2,4-diphenylbutanoate 
8096 yield 


(Eq. 23.5) 


An unsymmetrical ketone can form isomeric enolates upon deprotonation. The question of 
kinetic versus thermodynamic control in the formation of the ion comes into play with such 
systems. An example of these two possible reaction paths is shown in Figure 23.10. 

When we treat the ketone shown in Figure 23.10 with (CsHs)3CLi (lithium triphenylmethide, 
a strong organometallic base) using dimethoxyethane (an aprotic solvent), we form a mixture of 
enolate ions I and II in the ratio 13/87. However, when we stir the solution for an additional 
period of time after adding an excess of a protic solvent, the ratio of I to II changes to 53/47. We 
infer from this observation that enolate ion I is thermodynamically more stable than enolate II. 
However, in the initial reaction of the ketone, enolate ion II is favored kinetically over enolate ion 
I. Recall that the thermodynamically more stable of a pair of isomers is dominant if an equilib- 
rium can be established. We can produce the product of kinetic control only if we can prevent an 
equilibrium from being established. To form the enolate ion of kinetic control preferentially, we 
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H = 
О 
113% 
Ра (13%) 
о  (Cg3ACLi H 
CH,0CH,CH,OCH; и 
H by 
H 
О 
II (87%) 
H 


stir with an 
added protic 
solvent 


I + II 
(5396) (4796) 


FIGURE 23.10 Thermodynamic versus kinetic control in enolate formation. Deprotonation 
of an unsymmetrical ketone leads to formation of a pair of isomeric 
enolate ions. The relative proportion of these enolate ions depends on the 
experimental conditions. 


must choose experimental conditions that deprotonate the parent ketone extremely rapidly and 
irreversibly—we generally use a strong base in an aprotic solvent and avoid the use of excess 
ketone. To produce the thermodynamically favored enolate ion, we must use an excess of the 
ketone and/or a protic solvent. 


23.5 PARTICULARLY ACIDIC CARBONYL COMPOUNDS 


GENERAL 


We have noted that a strong base must be used to accomplish the quantitative deprotonation of 
simple ketones and esters since they are only very weakly acidic. However, some carbonyl com- 
pounds have considerably enhanced acidities. Important examples of such compounds include 
B-diketones, B-ketoesters, and diesters of malonic and substituted malonic acids. Figure 23.11 
shows the general structures of these classes of compounds. 

Table 23.1 compares the pK, values of several examples of these particularly acidic 
compounds with those of ordinary carbonyl compounds. The greatly enhanced acidities of 
compounds of the types shown in Figure 23.11 reflect the special stabilization of their conjugate 
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(0) (0) (0) (0) 
|| || || || 
С С С С 
R^ m d “Р R^ с тов! 
ИХ ИХ 
H H H H 
а p-diketone а B-ketoester 
(0) (0) (0) (0) 
|| || || || 
С С С С 
КО < d ток RO~ ТС” тов 
H H H R' 
a diester of malonic acid a diester of a 


substituted malonic acid 


FIGURE 23.11 General structure of particularly acidic carbonyl compounds. A compound 
containing o-CH;- or -CHR- group in an o-position relative to two C=O 
linkages is particularly acidic. 


bases. This stabilization results from an extra delocalization of the negative charge of the enolate 
ion. An additional resonance structure can be drawn for these enolates, while only two can be 
drawn for the enolate ions of an ordinary carbonyl compound, as is illustrated in Figure 23.12. 

Because of the increased acidity of the B-dicarbonyl compounds, we can use relatively mild 
conditions to generate their enolate ions. There is no need to use extremely strong bases such as 
LDA. Examples of the use of mild bases for the alkylation of 2,4-pentanedione are shown in 
Equation 23.6 and Equation 23.7. 


O O O O 
E c 1. NaOH, aq. ethanol c | 
— — „СА oz e. 
НС УС СНз 2. сфнасновг,омво НЗС” 767 693 
Н H Н СН;С;Н; 
acetylacetone 3-benzyl-2,4-pentanedione 
6596 yield 
(Eq. 23.6) 
O O O O 
| | 1. К;СОҙ, acetone | | 
— 7705 
ЊСТ УС СНз 2, сну, reflux Hec ш. 
H H H CH; 
acetylacetone 3-methyl-2,4-pentanedione 
75% yield 


(Eq. 23.7) 
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Taste 23.1 pK, Values for Some Ordinary and Some Particularly Acidic Carbonyl Compounds. 


Compound pK, 
| 
C 30 
Н.С“ ~N(CH3), 
| 
Ue A 25 
НЗС ОСН; 
O 
| 19 
28 ~ 
Н.С СН; 
O 
| 17 
С 
H,C~ тн 
O O 
|| || 
С С 13 
CH,0~ ~ AC “-ОСН; 
Н Н 
O O 
|| || 
С С П 
ЊЕ s И ОСН; 
H H 
O O 
|| || 
С С 9 
НС” ~ ce УСН; 
H H 


Several important synthetic procedures are based on the facile production of enolate ions of 
the type shown in Figure 23.12. Two important types start with diethyl malonate (malonic ester) 
or ethyl acetoacetate (acetoacetic ester). In the following sections we will discuss the use of 
these synthetic procedures. 


THe MALONIC ESTER SYNTHESIS: A GENERAL ROUTE FOR THE SYNTHESIS 
OF CARBOXYLIC ACIDS 


The malonic ester synthesis is a generally useful route for the preparation of carboxylic acids. The 
overall conversion is that of diethyl malonate to a carboxylic acid, as illustrated in Figure 23.13. 
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FIGURE 23.12 Resonance structures for enolate ions of a simple ketone and a p-diketone. 


The enolate ion of the B-diketone has one more resonance structure than the 
enolate ion of the simple ketone. The greater the dispersal of charge, 
the greater the degree of stabilization. 


The sequence of operations involved in the malonic ester synthesis is as follows: 


1. Treat diethyl malonate with sodium ethoxide in ethanol to generate an enolate ion. 


2. Add a haloalkane (RX) to the solution with the enolate ion; this step results in 
displacement of the halide by the enolate ion. 


3. Па second alkyl group is to be introduced, add a second equivalent of sodium ethoxide, 
followed by a second haloalkane, R’X. 


4. Hydrolyze the resulting substituted malonic ester to the free substituted malonic acid. 


5. Decarboxylate the substituted malonic acid (see Chapter 21) by heating it. 
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| | several steps n 9 


С С 
CH,CH,O~ УС ^OCH,CH, С” C or C 
аша \ rm RCH,~ тон  RR'CH- “ОН 
H H 


FIGURE 23.13 Overall result of the malonic ester synthesis. We use a series of reactions, 
beginning with diethyl malonate, to synthesize a carboxylic acid. 


Formation of the enolate and alkylation 


1. KOH/ethanol 
CH,(CO,CH,CH3), > CH34(CH5);3CH(CO;CH;CH3); 


Hydrolysis of the alkylated ester 


1. KOH/water, heat 
CH;(CH,),CH(CO,CH,CH;), — о СИНҚСН,;СН(СО;Н), 
2. dilute H5S0, 


Decarboxylation 


heat 
CH;(CH,)3CH(CO,H), Мм— CH;(CH,)4CO,H 


68% yield 


FIGURE 23.14 Use of the malonic ester synthesis for the preparation of pentanoic acid. 
The initial treatment with KOH/ethanol is in the cold so that no hydrolysis of 
the ester groups occurs. 


Figure 23.14 shows the application of the malonic ester synthesis to the preparation of 
pentanoic acid. 

The malonic ester synthesis for the preparation of carboxylic acids is summarized in 
Figure 23.15. We can use this approach as long as one hydrogen remains on the a-carbon site 
of the target carboxylic acid and only alkyl groups are to be attached to that carbon. A further 
important point is that it must be possible to introduce both ће R and В’ group by S42 reac- 
tions; that is, ideally R and R’ should be methyl or primary alkyl groups. This is a system that 
is most easily managed using a retrosynthetic approach, as previously discussed. In designing 
the synthesis of a suitable carboxylic acid, one starts by thinking about the target and works 
back to the malonic ester starting material. 
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EX 


Figure 23.15 Outlining a malonic ester synthesis by considering the structure of the 
target acid. The two groups R and R' (boxed) are derived from haloalkanes 
RX and R'X. The remainder of the target molecule (encircled) is derived from 
the malonic ester. 


О О 
|| || n n 

нс” УС ~осњсњ ^ ~ C in C 
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Figure 23.16 Overall result of the acetoacetic ester synthesis. In the acetoacetic ester 
synthesis we use a series of reactions to convert ethyl acetoacetate to a 
methyl ketone. 


THe ACETOACETIC ESTER SYNTHESIS: A GENERAL ROUTE FOR THE 
SYNTHESIS OF KETONES 


Acetoacetic ester is а common name for the B-ketoester, ethyl acetoacetate (ethyl 3-oxo- 
butanoate) (23.2) The acetoacetic ester synthesis is a general method for converting ethyl 
acetoacetate into ketones. The overall conversion is shown in Figure 23.16. The sequence of 
steps in acetoacetic ester synthesis closely parallels the malonic ester synthesis. Figure 23.17 
shows the series of steps for the preparation of 2-heptanone via the acetoacetic ester route. 


О 
|| || 
жыға 
НзС C OCH;CH; 
Ж 
H H 


ethyl acetoacetate 
(ethyl 3-oxobutanoate) 


23.2 


Compare the sequence of reactions in Figure 23.17 with those for the malonic ester synthe- 
sis in Figure 23.14. The same steps are involved, those being: formation of an enolate ion, 
alkylation, hydrolysis, and decarboxylation. Both procedures rely upon facile decarboxylation 
in the final step. Use of the acetoacetic ester synthesis for the preparation of methyl ketones is 
summarized in Figure 23.18. 
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Formation of the enolate ion followed by alkylation 


O (0) 1. ХАОСН,СН; 
| | CH4CH,OH 
— 
Н.С” ~C~ ~OCH,CH; 
H H 
Hydrolysis 
O 
| | 1. KOH/water 
Н.С” ~C~ ~OCH,CH; ? 
X 2. aq. acid 
Н СН,СН;СН;СН; 
Decarboxylation 
1 | 
C C heat 


Н CH,CH,CH,CH; 


О О 

|| || 

C C 
C^ УС о: о: И 
Н CH,CH,CH;CH; 


О О 
12 
НС E + “ он 
н CH,CH,CH,CH, 


О 
! 
H4C^ 7-Сн;сн;сн;Сн;СН; 


61% yield 


FIGURE 23.17 Synthesis of 2-heptanone using acetoacetic ester. 


үз 


Н.С” УСН 


FIGURE 23.18 Use of the acetoacetic ester synthesis for the preparation of methyl 
ketones. The a/ky/ groups R and R' are derived from haloalkanes RX and R'X. 
The remainder of the target molecule is derived from the ethyl acetoacetate. 
Both R and R’ should be methyl or primary alkyl groups. 


23.6 €NOLS AS A SOURCE OF NUCLEOPHILIC CARBON: 


THE MANNICH REACTION 


We mentioned earlier that enols, in principle, should be able to serve as carbon nucleophiles in 
the same way that enamines do. However, we also noted that most enols are not viable 
laboratory reagents for this process since they exist in very unfavorable tautomeric equilibria 
with carbonyl compounds. Nevertheless, enols present in a keto-enol equilibrium can be utilized 
as effective sources of nucleophilic carbon in a process known as the Mannich reaction. 
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The reagents involved in the Mannich reaction are formaldehyde, a carbonyl compound that 
can undergo enolization (i.e., one that has at least one enolizable o-hydrogen), and a secondary 
amine. The reaction is performed under mildly acidic conditions, the source of the acid often 
being the hydrochloride salt of the amine used as a reactant. An example of the Mannich reac- 
tion is shown in Equation 23.8. 


НСІ 
(СНУМН + H,C=O + (CH3),CHCHO ---- 


dimethylamine formaldehyde isobutyraldehyde 
(CH3)2N — CH5C(CH35); — CHO 


2,2-dimethyl-3-(dimethylamino)propanol 
80% yield (Eq. 23.8) 


The mechanism of the Mannich reaction begins with the formation of the highly reactive 
methyleneiminium ion resulting from the reaction of formaldehyde with the secondary amine. 
The highly electrophilic intermediate ion reacts with the enol form of the enolizable carbonyl 
compound. An acid-base equilibrium produces the final product, known as a Mannich base. The 
Mannich base has the same fundamental structure as the initial enolizable carbonyl compound, 


The Mannich Reaction 


Overall reaction: 
R,NH + Н›С=О + H3C—C(O)—R' -->»>  RjN—CH,;-—C(O)—R' 


Step 1 Formation of the methyleneiminium ion by nucleophilic addition of nitrogen at carbon 
by loss of water. 


H* + 
К,МН + H5C =O > RN = CH, + H,O 


Step 2 Nucleophilic attack on the iminium ion by the enol form of the carbonyl compound. 


+ 
{ ОН О-Н 
+ 7 // 
RN =CH, H5C = — RN las =! 
H H 


Step 3 Establishment of an acid-base equilibrium generating the product. 


O—H O 
/ // " 
RON—CH,—CH;—C + В --- RON CH, = CSC + HB 


H H 
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except that an aminomethyl group (-СН.МК)) has taken the place of the enolizable hydrogen at 
the о-сагроп atom. 

While we might contemplate using a primary amine in the Mannich reaction, a secondary 
amine is generally used. A complication that arises when reaction involving a primary amine is 
used is dialkylation. Further, using the hydrochloride salt of the secondary amine precludes the 
need for additional acid to facilitate the reaction. 


23.7 ALDOL REACTIONS AND CONDENSATIONS 


GENERAL 


Treatment of ethanol (acetaldehyde) with cold, aqueous sodium hydroxide or potassium 
hydroxide yields 3-hydroxybutanol, as shown in Equation 23.9. The product of this reaction 
has the trivial name aldol because it contains both an aldehyde functionality and a hydroxyl 
group. Other aldehydes and ketones that contain at least one o-hydrogen atom can undergo 
similar reactions (to be discussed later). For example, butanol yields 2-ethyl-3-hydroxyhexanol 
when treated with aqueous base (in the cold), as shown in Equation 23.10. The general name 
for this type of reaction is the aldol addition reaction. In each instance the product is a 
p-hydroxyaldehyde or а B-hydroxyketone. 


OH 
KOH/water CHO 
CH3CHO ———S 
5°C 
ethanol 3-hydroxybutanol 
50% yield (Eq. 23.9) 
KOH/water 
CH3CH,CH,CHO — —————————> CHO 
8°C 
OH 
butanol 2-ethyl-3-hydroxyhexanol 

75% yield (Eq. 23.10) 


MECHANISM OF THE ALDOL ADDITION REACTION 


We can understand the course of the aldol addition reaction using our previous knowledge of the 
chemistry of enolates and the nature of aldehydes and ketones. When an aldehyde reacts with 
aqueous hydroxide ion, a small equilibrium concentration of enolate ion is produced in the pres- 
ence of a high concentration of the aldehyde. As we have seen, an enolate ion is quite 
nucleophilic, while an aldehyde is very susceptible to nucleophilic attack. Thus, it is not 
surprising that there is a reaction between the enolate ion and the parent aldehyde. This reaction 
leads to the formation of the observed aldol-type product. The mechanism may be illustrated 
using the reaction of Equation 23.10 as an example. 
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The Aldol Addition Reaction 


Step 1 An acid-base equilibrium is established. 


T = | „К 
HO + Р 
Н 


СНО Н CHO 


< > H 
A 
ШЕ 


Step 2 Тһе enolate ion performs а nucleophilic addition on a molecule of the aldehyde. 


H v uin --- 
L- CHO 
H CHO H CHO 


Step 3 Proton transfer generates the product. 


+ HO^ 
О 7 s 


Ketones are generally less reactive toward aldol formation than are aldehydes, which 


generally have greater reactivities toward nucleophiles (see Chapter 19). The second step of the 
aldol addition reaction involves the nucleophilic addition of an enolate ion to a carbonyl 
carbon. This step is significantly less favorable for a ketone than it is for an aldehyde; for 
simple ketones the equilibrium does not favor the nucleophilic addition product. However, in 
some instances an appropriate experimental set-up can be used to drive the equilibrium to the 
aldol product. In such instances we can obtain a good yield of the aldol product from ketones, 
as is shown in Equation 23.11. 


| Ba(OH); ша 0 
C DU 
Н.С > “сн; ағы 


acetone 4-hydroxy-4-methyl-2-pentanone 
7196 yield (Eq. 23.11) 
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DEHYDRATION IN THE ALDOL REACTION 


On heating, the aldol product undergoes dehydration to form an o,B-unsaturated carbonyl 
compound. Figure 23.19 shows the general result of the process. In a,B-unsaturated carbonyl 
compounds, the olefinic т bond and the carbonyl x bond are conjugated. (Recall that a conju- 
gated system contains alternating double and single bonds; see Chapter 15.) Conjugated systems 
are generally more stable than are non-conjugated systems, and thus the dehydration of an aldol 
addition product proceeds much more readily than does the dehydration of a simple alcohol. The 
activation energy for dehydration leading to the conjugated product is lower than that for sim- 
ple alcohol dehydration because of the additional orbital overlap that exists as the bonds of the 
product begin to form. 

Many aldol reactions proceed directly to an о, -unsaturated product. The initially formed 
B-hydroxy aldehyde or B-hydroxyketone dehydrates faster than it can be isolated. We can at 
times prevent this by avoiding the use of vigorous reaction conditions. Hence, low temperatures 
are needed for the reactions shown in Equation 23.9 and Equation 23.10. 

However, it is very often desirable to have the reaction proceed to the o; p-unsaturated 
carbonyl compound. Such compounds are particularly valuable starting materials for further 
synthetic manipulation. We generally refer to a reaction that proceeds to the a,B-unsaturated 
carbonyl compound as an aldol condensation. A condensation reaction, in general, is one in 
which two smaller molecules combine to form a larger molecule and another small molecule, 
such as water, is eliminated from between them. 

With ketones there is further experimental advantage in using conditions that favor 
dehydration of the initially formed aldol addition product. The advantage lies in the special sta- 
bility of the o,B-unsaturated carbonyl compound. Even though the equilibrium for the 
nucleophilic addition of the enolate ion to the ketone may be quite unfavorable, as discussed ear- 
lier, it has little consequence for the isolation of the dehydrated product. Once dehydration 
occurs to yield the o,B-unsaturated carbonyl compound, return to the starting materials is highly 
unlikely. Thus, the aldol adduct is automatically removed from the equilibrium system as it is 
formed. According to LeChatelier's principle, more aldol adduct will now form, and it too will 
dehydrate to the o; B-unsaturated carbonyl compound. In this way we obtain а good yield of the 
final product, as is illustrated with the reaction in Equation 23.12. The experimental conditions 
shown in Equation 23.12 involve heating the ketone with aluminum tri-zert-butoxide in xylene. 
These conditions are generally applicable for performing the aldol condensation of ketones. 


H5C6 
T AI[OC(CH3)5]5 
C А С--СНС(О)СН; 
н.с ч CH; xylene, 100°C н, a 
acetophenone 1,3-diphenylbut-2-ene- 1 -опе 


77% yield (Ед. 23.12) 


This reaction system illustrates a generally important principle. In a reaction such as the 
aldol condensation, which involves a series of equilibria, we can often tolerate several unfavor- 
able equilibria as long as the final equilibrium is favorable for product formation. We will find 
another example of this type of phenomenon in the Claisen condensation (section 23.8). 


CHAPTER 23 + ENAMINES, ENOLATES, AND o, B-UNsATURATED CARBONYL COMPOUNDS 925 


R' 


heat 
R аА CHO ----»  RCH,CH=C(R')—CHO + НО 


OH 


FIGURE 23.19 Dehydration of an aldol product їо an о, B-unsaturated carbonyl compound. 


Своззер ALDOL REACTIONS 


Consider what happens when aqueous sodium hydroxide is added to a mixture of carbonyl 
compounds. For example, suppose we mix two aldehydes, A and В, both having о-Пудгогеп 
atoms. Several different aldol reactions are possible. The enolate ion of A could add to the 
carbonyl carbon atom of either another molecule of A or of one of B. Similarly, the enolate ion 
of B could be formed and add to the carbonyl carbon atom of either A or B. Thus, four possi- 
ble aldol products are possible in such a situation. We call reactions of this type, in which we 
add base to a mixture of carbonyl compounds crossed (or mixed) aldol reactions. 

Crossed aldol reactions that yield many products are of no use for synthetic purposes. 
However, some crossed aldol reactions are of synthetic value. In general, we must choose the 
mixture of carbonyl compounds and the reaction conditions carefully so that the formation of a 
single product is favored. 

A usual first requirement for a successful crossed aldol reaction is that only one of the carbonyl 
compounds has an o-hydrogen—in this way only one of the carbonyl compounds is capable of 
generating an enolate ion. We must then choose the reaction conditions such that this enolate ion 
preferentially attacks the carbonyl carbon atom of the other starting carbonyl compound. 

Consider, for example, the addition of aqueous base to a mixture of acetophenone and 
benzaldehyde. Of the two starting compounds, only acetophenone has an o-hydrogen atom, and 
thus it is the only starting material that can form an enolate ion. Once formed, this enolate ion 
could attack either the carbonyl carbon atom of another molecule of acetophenone, or the 
carbonyl carbon atom of a molecule of benzaldehyde. There are two factors here that make the 
crossed aldol reaction more facile than the alternative (attacking another acetophenone mole- 
cule). First, we can choose conditions for this type of reaction that minimize the attack of the 
enolate ion on acetophenone. The reaction conditions we choose involve adding the enolizable 
carbonyl compound (acetophenone) slowly to a solution of the non-enolizable compound (benz- 
aldehyde) in the basic medium. In this way there is always an excess of the non-enolyzable 
compound available for reaction with the enolate ion formed, while at the same time there is 
very little of the enolizable compound available and subject to attack by its own enolate ion. 
Further, benzaldehyde is an aldehyde and thereby much more susceptible to attack by an eno- 
late ion than the ketone acetophenone. This is a general situation in that attack on aldehydes is 
less hindered, and thereby favored, compared to attack on ketones. As a result, a very good yield 
of the single aldol condensation product can be obtained, as is shown in Equation 23.13. 


NaOH/H5O 
C&;H5CHO + C4H5C(O)CH5 ------ C6H5CH = СН —C(O)— СН; 
benzaldehyde acetophenone 1,3-diphenylprop-2-ene-1-one 
85% yield 


(Eq. 23.13) 
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A crossed aldol condensation involving an aromatic aldehyde is known as a Claisen-Schmidt 
condensation. Such reactions always proceed all the way to the o,B-unsaturated product. 


INTRAMOLECULAR ALDOL REACTIONS 


Substances containing two carbonyl groups within a single molecule can undergo 
intramolecular aldol condensations. In such reactions an enolate ion forms by removal of an 
a.-hydrogen from a site adjacent to one of the carbonyl groups. This enolate ion then performs 
a nucleophilic attack intramolecularly at the molecule's other carbonyl carbon atom. The result 
of this reaction is the formation of a cyclic o,B-unsaturated carbonyl compound. An example of 
this type of reaction is shown in Equation 23.14. 


O 
Pe Eon 
— 
О О 
2,7-octanedione 2-acetyl-1-methylcyclopentene 
83% yield (Eq. 23.14) 


If a five- or six-membered ring can form, the intramolecular aldol condensation generally 
occurs more rapidly than does the corresponding intermolecular reaction. In fact, organic 
chemists use the intramolecular aldol condensation as a convenient and useful synthetic route 
for the preparation of cyclic compounds. 


RetTrRo-ALDOL REACTIONS 


Both acid- and base-catalyzed aldol reactions proceed via a series of equilibria. Thus, reaction 
can proceed in either direction. So far we have been concerned with the forward reaction (the 
pivotal step in the forward reaction being the nucleophilic addition of an enolate ion to a 
carbonyl group). The reverse reaction is referred to as a retro-aldol reaction. 

Retro-aldol reactions аге common with B-hydroxyketones and o,B-unsaturated ketones. 
Consider, for example, the previously discussed aldol product from acetone (Equation 23.11). 
The equilibrium for the formation of this aldol product is unfavorable—in order to prepare the 
aldol addition product in a reasonable yield we need to use special conditions to remove one of 
the products (water) from the reaction mixture and force the equilibrium to the product side. 
If we expose the aldol addition product to the experimental conditions that reestablish equilib- 
rium, the addition product reverts to acetone. Heating with strong base in water produces this 
effect, as is shown in Equation 23.15. 


O OH NaOH O 
— 2 
p #20 Ж 
4-hydroxy-4-methyl-2-pentanone acetone 


95% yield (Eq. 23.15) 
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23.8 CONDENSATION REACTIONS OF ESTERS 


THe CLAISEN CONDENSATION 


Esters of the general formula RCH,CO,R’ undergo an important reaction known as the Claisen 
condensation. The simplest example of the Claisen condensation is shown in Equation 23.16. 
In this example R = H and В’ = CH2CHs. Notice that the product is ethyl acetoacetate, which is 
the starting material in the acetoacetic ester synthesis of ketones discussed earlier. The Claisen 
condensation, in general, occurs when we treat an appropriate ester with an appropriate base, 
here an ethyl ester with sodium ethoxide in ethanol. We use aqueous acid in the work-up of the 
reaction for ths isolation of the B-ketoester product. 


О О О 
| NaOCH;CH; pup 
С ------> 
ње ““осн,сну  HOCH;CH; OCH;CH; 
ethyl acetate i cr ethyl acetoacetate 
work-up) 75% yield (Eq. 23.16) 


The mechanism of the Claisen condensation is closely related to those we have already seen 
for the aldol and related reactions. Several aspects of the reaction and its mechanism merit 
comment. A full equivalent of sodium ethoxide (rather than a catalytic amount) must be used to 
accomplish the reaction because of the presence of several unfavorable equilibria at the begin- 
ning of the reaction process. (Recall from our previous discussion that we can obtain useful 
yields of product in spite of unfavorable equilibria if some final favorable equilibrium follows 
unfavorable ones.) The favorable final equilibrium in the Claisen condensation is the formation 
of the enolate ion of the B-ketoester product. To ensure the conversion of the D-ketoester entirely 
to its enolate ion, we need to use a full equivalent of base. Driving this last equilibrium toward 
the enolate ion side brings the reaction to completion. Work-up of the reaction with aqueous acid 
converts the enolate of the B-ketoester to the B-ketoester product. 


Mechanism 


The Claisen condensation 


Step 1 Formation of enolate ion. 


O O 
Е | | 
CH3CH;O N 26. ai = Ж. + НОСН;СН; 
Н.С OCH;CH; H5C ОСН;СН; В 
stronger acid 
weaker base 


weaker acid stronger base 
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Step 2 Nucleophilic attack by the enolate ion on the carboxylate carbon atom. 


S 


C 
А ~ 
НС“ Ҳ`ОСН:СНз _ | = 
H,C/^ ^OCH;CH; _ 
CH3CH,0 О О 
bt п 
Z^ NC ~ 
НЗС a ОСН;СН; 
Н Н 
Step 3 Elimination of alkoxide ion. 
CH4CH o) 0) 0 
маже 1 — | | 
^ «c^ “осносн Же” 
С 
ВС д 253 нұс P^ ОСН;СН; 
Н Н Н Н 
Step 4 Formation of а new enolate ion. 
stronger base 
CH;CH,O- 
? © ae ІІ 
С Tec Жан ж 
С OCH,CH 
нус“ “с^ ^ocH;cH, ала 203 
aN H- 
H H 
stronger acid weaker base + CH43CH;0H 


weaker acid 


Step 5 Protonation of the enolate ion upon acid work-up to yield product. 


| | * | | 
и“ А “хе ~ 
нс” "C7 


НЗС СЕ OCH;CH; OCH;CH; 


/ 
H H H 


Our analysis of the mechanism of the Claisen condensation shows that the starting ester should 
have two &-hydrogen atoms. One of these œ-hydrogen atoms is involved in the formation of the 
initial enolate ion. The second is involved in the penultimate step, allowing the overall reaction to 
go to completion. In accord with this analysis, we find that esters such as ethyl isobutyrate (23.3) 
do not undergo the Claisen condensation when challenged with sodium ethoxide in ethanol. 
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О 
| 
С 


ех 
(CH3),CH ОСН;СН; 
ethyl isobutyrate 


23.3 


Successful conversion of such esters as ethyl isobutyrate to B-ketoesters requires special 
reaction conditions—a base that is much stronger than ethoxide ion or the continuous removal of 
a volatile product from the reaction mixture (or both). Sodium hydride can at times be used as the 
base in such reactions. Hydride ion is a very strong base; when it removes the o-hydrogen 
the products are the enolate ion and hydrogen gas. The gas escapes the reaction mixture, making 
the reaction irreversible. 


Своззер CLAISEN CONDENSATIONS 


Ester-Ester Condensations We can perform crossed (or mixed) Claisen condensations 
between two different esters, but a useless mixture of products results unless the starting esters and 
reaction conditions are chosen carefully. The usual strategy for executing a useful crossed Claisen 
condensation is similar to the strategy for a crossed aldol condensation. Of the two esters used, only 
one should have o-hydrogens, while the other should be particularly susceptible to nucleophilic 
attack. Among the useful esters lacking o-hydrogens are esters of benzoic acid and susbstituted ben- 
Zoic acids, formic acid, carbonic acid, and oxalic acid. Examples of synthetically useful crossed 
Claisen condensations using several of these types of esters are shown in Equations 23.17-23.19. 


О О NaOCH; in 
Д T Д HOCH 
HsC; СОСН; CH,CH; СОСН; |. ка HsCe OCH; 
work-up) 
methyl benzoate methyl propanoate methyl 2-methyl-3-phenyl-3-oxopropanoate 
60% yield 
О О NaOCH4CH; (Eq. 23.17) 
д + Д ene 
HOCH,CH 
H OCH,CH; CsHsCH{ ~OCH,CH; vM 
(aq. acid 
ethyl formate ethyl phenylacetate work -up) 
O O 
H ОСН;СН; 
C6H5 


ethyl 2-formyl-2-phenylacetate 
75% yield 


(Eq. 23.18) 
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О О NaOCH;CH; 
-------- 
T 
HOCH,CH 

CHCH; ~OCH,CH; CH3CH,0 OCH,CH, PUE 

(aq. acid 

ethyl propanoate diethyl oxalate work-up) 

O O 
CH4CH;O 
осн,сн; 
O 


diethyl 2-methyl-3-oxosuccinate 
70% yield 


(Eq. 23.19) 


Ester-Ketone Condensations A useful variation of the crossed Claisen condensation 
involves the reaction of an ester and a ketone. In this type of reaction we must again be careful 
in our choice of starting materials so that a useless mixture of products does not result. 
A nonenolizable ester (one with no &-hydrogens) is commonly used for this purpose. Again, the 
esters of benzoic, substituted benzoic, formic, or oxalic acids prove useful for this type of reac- 
tion. A typical example is shown in Equation 23.20. 


O O 
Ц Ц NaOCH;CH; 
p + Ax. ^ HOCH.CH. ~ 
ныс “ОСН, СН; НЗС сн; НОСН;СҢ; 
(aq. acid work-up) 
ethyl benzoate acetophenone 


O O 
|| || 


C C 
H; С^ b 4 "CC Hs 
H H 


1,3-diphenyl-1,3-propanedione 
65% yield 
(Eq. 23.20) 


THe INTRAMOLECULAR CLAISEN CONDENSATION 


Earlier we noted that dialdehydes and diketones can undergo intramolecular condensations 
to give cyclic products. Diesters similarly undergo an intramolecular condensation known as 
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the Dieckmann condensation. Like the cyclic aldol reaction, the Dieckmann condensation 
is generally most useful for preparing rings of five and six members, although rings of other 
sizes are also accessible. A simple example of the Dieckmann condensation is shown in 
Equation 23.21. 


O 
ч p NaOCH;CH CO,CH,CH 
сн». Je а 8 2СН:СНз 
CH3CH,0 осн›сн; HOCH;CH; 
(aq. acid 
diethyl adipate work-up) 2-carboethoxycyclopentanone 
80% yield 


(Eq. 23.21) 


A reaction that is quite similar to the Dieckmann condensation occurs with 4-oxo- and 
5-oxoesters. Cyclic diketones are obtained from such reactions. An example is given in 
Equation 23.22. 


О О 
9 0 NaOCH;CH; c 
«сн шшс I 
НАС OCH,CH, HOCH;CH; : 
(aq. acid 
work-up) 
ethyl 6-oxoheptanoate 2-acetylcyclopentanone 
9096 yield 
(Eq. 23.22) 


23.9 REACTIONS RELATED TO THE ALDOL 
AND CLAISEN CONDENSATIONS 


GENERAL 


Both the aldol and the Claisen condensations involve the addition of a carbanion to a carbonyl- 
type carbon atom. We will now consider several other condensation reactions of this type. 


THe PERKIN CONDENSATION 


In the Perkin condensation an acid anhydride bearing an 0-Пудгогеп atom serves as the source 
of the carbanion (i.e., the enolate ion). We use a weak base, typically the sodium or potassium 
salt of the acid whose anhydride is involved, to product the enolate of the anhydride. (This is 
analogous to using an alkoxide ion corresponding to the ester linkage of the species providing 
the enolate ion in a Claisen condensation.) The carbonyl compound that is attacked by the eno- 
late ion is generally an aromatic aldehyde. Aromatic aldehydes have no о-ћудгогеп atom and 
thus can not yield an enolate ion of their own. 
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The overall effect of the Perkin condensation is to produce an 0, -unsaturated carboxylic 
acid. Usually we find that the major stereoisomer of the product is the one in which the 
carboxylate group is trans relative to the larger group attached to the B-carbon atom. An example 
of the Perkin condensation is given in Equation 23.23. 


O O 
H3C H 
| || 1. CH3CO;K 5 m P. 
PN „^ч. + C;H5CHO > C =C 
H3C О CH; 2. aq. acid ü Ж “е 0H 
acetic anhydride benzaldehyde trans-cinnamic acid 
6096 yield 
(Eq. 23.23) 


The Perkin condensation 


Overall reaction: 


1. RCO;K Ar 2 
о C +ArCHO > С=С 
и М 2. aq. acid / \ 
к "O^ ^R ч H COH 


Step 1 Formation of enolate of the anhydride by reaction with a carboxylate anion. 


их AK ДД ж C, С .- + CH4CO;H 
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Step 3 Intramolecular acylation of the alkoxide site. 


Step 4 Anhydride formation by transacylation. 
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Step 5 Elimination (E2). 


у = 
НЗС — é ) 


— H—B* + CH3CO; + 


Step 6 Hydrolysis upon work-up with aqueous acid. 


О 
/ 
H3C—C 


| + НО — > C= "d 
O 
Ar > N 
< Н COH 


+ CH3CO;H 


Chemical biography 


LUDWIG CLAISEN 


b. 1851 
d. 1930 


Ph.D. University of Bonn (Kekulé) 
1874 


Chemical Biography 


WiLLIAM HENRY PERKIN 


b. 1838 
d. 1907 


Studied at Imperial College, 
London (Hofmann)[no degree] 


British Knighthood 1906 


The mechanism of the Perkin condensation 
is analogous to the mechanisms of the other 
related condensations involving an enolate ion. 


THe KNOEVENAGEL CONDENSATION 


In the Knoevenagel condensation the source of 
enolate ion is a particularly acidic carbonyl com- 
pound such as diethyl malonate or ethyl 
acetoacetate. Reaction is effected by allowing an 
aldehyde or ketone to react with one of these par- 
ticularly acidic carbonyl compounds in the 
presence of a catalytic amount of ammonia (or a 
primary or secondary amine) and a small amount 
of a carboxylic acid. The reactions are normally 
performed in refluxing benzene in an apparatus 
equipped with a Dean-Stark trap to remove water 
as it is formed. The continuous removal of water 
from the reaction mixture shifts the reaction 
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equilibrium toward the product side. Three examples of the Knoevenagel condensation are 
shown in Equations 23.24—23.26. 


| 
N 
п 9 
C6HsCHO + жж C,H;CO,H 
CH3CH,0 ОСН;СН; 
benzaldehyde diethyl malonate 
O O 
| | + H,O 
CH,CH,0~ М 
3-72 OCH;CH; 
H СН; 
ethyl 3-phenyl-2-carboethoxyacrylate 
9096 yield 
(Eq. 23.24) 
| 
CHO оо N 
А ІІ © 
с „С 
OCH; нұс“ ^^ ^OCH;CH, ———— > 
OCH; СН<СОэЭН 
2,3-dimethoxybenzaldehyde ethyl acetoacetate 
1 | = 
H 
p C C + 20 
НЗС | OCH;CH; 
H 
HCO 


OCH; 


3-carboethoxy-4-(2,3-dimethoxyphenyl) 
butanone 70% yield 
(Eq. 23.25) 


936 ORGANIC CHEMISTRY 


O 


|| 
С H4N* ~O,CCH3 
НС” СЕН + NC—CH,CO,CH,CH, —————— —— 


CH3CO;H 
acetophenone ethyl cyanoacetate О 
| 
NC C " + H,O 
| ОСН;СН; 
H5Cg СН; 


ethyl (Z)-2-cyano-3-phenyl-2-butanoate 
5596 yield 
(Eq. 23.26) 


In the reaction shown in Equation 23.26, ammonia is used in the form of ammonium acetate. 
Ethyl cyanoacetate is the acidic organic compound in this reaction; it has a high reactivity in this 
type of reaction and is often a preferred reagent for condensation reactions with less reactive 
ketones. 


CONDENSATION REACTIONS WITH NITRO- AND 
CYANO- COMPOUNDS 


The ease of formation of the carbanions we have discussed thus far correlates with 
their resonance stabilization. We can draw resonance structures for these carbanions in 
which the negative charge is delocalized from carbon to oxygen of a neighboring carbonyl 
or carboxyl group. Groups other than the carbonyl and carboxyl groups can also stabilize 
carbanions by resonance, as shown in Figure 23.20 for the nitro and cyano groups. 
Not surprisingly, we find that nitro- and cyano-compounds can enter into reactions similar to 
those we have discussed earlier in this chapter. For example, such compounds undergo 


O о” 
ЕЕ 7" base | + КЖ, 
= — № А. -0- LÁ —C=N 
| “- Mas № “- 
O O O 
| base | | = 
-С-СЕМ: о —C—C=N EL --С--С--М 


Figure 23.20 Resonance stabilization of carbanions from cyano- and nitro-compounds. 
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aldol-type condensations with carbonyl compounds, as illustrated in Equation 23.27 and 
Equation 23.28. 


CHO CH—CHNO; 
CH4NO, 
УМм— 
CH4CH;CH;CH;CH;NH; 


N(CH3)2 N(CH3)2 
4-(dimethylamino)benzaldehyde 2-(4-dimethylaminophenyl)-1-nitroethene 
83% yield 
(Eq. 23.27) 
CHO CH —CHCN 
CH3CN 
— 
KOH 
О О 
o—/ o—/ 
3,4-methylenedioxybenzaldehyde 3-(3,4-methylenedioxyphenyl)acrylonitrile 
86% yield 
(Eq. 23.28) 


23.10 0,p-UNSATURATED CARBONYL COMPOUNDS: 
MICHAEL ADDITION 


The aldol condensation provides a convenient route to o,h-unsaturated carbonyl compounds. 
These compounds themselves undergo a number of important reactions that depend on the 
interaction of the conjugated carbon-carbon and carbon-oxygen д-Бопдв. 

Consider, for example, the reaction of cyanide ion with an a,B-unsaturated carbonyl 
compound. First, think about the reactions of isolated alkenes and carbonyl linkages with cyanide 
ion. If we were to treat a simple alkene with cyanide ion, there would be no reaction at the carbon- 
carbon double bond because alkenes are generally inert to attack by ordinary nucleophiles. On the 
other hand, we know that carbonyl compounds are quite reactive toward nucleophiles—cyanide 
ion reacts with aldehydes and ketones to form cyanohydrins. On this basis, we might naively 
expect cyanide ion to attack the carbonyl carbon atom of ап o,B-unsaturated carbonyl compound. 
However, we find this does not occur; cyanide ion instead attacks the carbon-carbon double bond, 
as shown in Figure 23.21. 

Many other nucleophiles react in the same way that cyanide ion reacts—they undergo addi- 
tion to the B-carbon atom of the o,B-unsaturated carbonyl unit. We refer to such reactions as 
involving conjugate addition. Additional examples of conjugate addition reactions are shown 
in Equation 23.29 and Equation 23.30. 
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7 T 
CH3NH 
wes к „СА 
(CH3)2 = СН СН; — —— ———- (Снз)›С(МН,)СН» СН; 
4-methylpent-3-ene-2-one 4-methyl-methylamino-2-pentanone 
75% yield 
(Eq. 23.29) 
1 1 
„С HS „СА 
СоН5СН — CH СН; — C&;H5CH(SH)CH; СН; 
1,3-diphenylprop-2-ene-1-one 1,3-diphenyl-3-oxo-1-propanethiol 
62% yield 
(Eq. 23.30) 


Although these results may appear surprising at first, careful analysis shows that they 
conform to rational mechanistic considerations. As shown in Figure 23.22, conjugate addition 
by a nucleophile yields a more stable intermediate carbanion than would be produced by addi- 
tion to the carbonyl carbon atom. The intermediate anion produced by conjugate addition can be 
represented by two resonance structures, while that produced by addition to the carbonyl carbon 
atom has only one such structure. (Contemplation of this system using molecular orbital con- 
siderations provides us with the same conclusion. The intermediate anion has electron 
delocalization akin to that found with an allyl anion, considered earlier, as compared to an ordi- 
nary propyl anion.) 

When a carbanion is the attacking nucleophile, the conjugate addition process is known as a 
Michael addition. Several examples of Michael addition reactions are shown in Equations 
23.31-23.33. 


H,C=CH, + :СМ = noreaction 
O 
S | NaCN CN о 
Ek = с тен. aq. ethanol pU 
НС; H Hs5C, CoHs 
95% yield 


FIGURE 23.21 Reaction of cyanide ion with a,B-unsaturated carbonyl compounds. 
Although cyanide ion fails to react with an ordinary alkene double bond, it 
does undergo reaction at the carbon-carbon double bond of ап о,В- 
unsaturated carbonyl compound. 
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1 1 
C H5C(CO;CH;CH3); C 
НС” ~CH=CH, —— = H;C~ ^CH;CH;CH(CO;CH;CH3) 
NaOCH;CH;, CH43CH;0H 
methyl vinyl ketone ethyl 2-carboethoxy-5-oxohexanoate 
70% yield 

(Eq. 23.31) 

O O 

|| CH3CH,CH,NO, || 

С ---- H С 

НЗС” ^CH-—CHC4Hs  (CH,CHj)NH НЗС” “сн, 
methyl 2-styryl ketone СН(СНӘСН(МОУСН;СН; 
5-nitro-4-phenyl-2-heptanone 
9096 yield 
О О (Eq. 23.32) 
(CH3),CuLi 
— 
3-methylcyclohex-2-enone 3,3-dimethylcyclohexanone 
98% yield (Eq. 23.33) 
Conjugate addition 
^ 
о = 
C—R О 
е ee, Я ще Yer ba | c 
Nu 74 Ne Меса 
| | 


~ R c R 
N / N М 
СЕС ^ ае pet. Nu 


FIGURE 23.22 Conjugate addition compared to addition at the carbonyl carbon atom. А 
more stable anion results when the nucleophile adds to the B-carbon atom 
of the o,p-unsaturated carbonyl linkage than were it to add to the carbonyl 
carbon atom. 
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Michael additions to other o,f-unsaturated systems аге also observed. Equations 23.34 and 
23.35 illustrate Michael additions to 0, B-unsaturated esters and amides. 


O O 
H5C = CHCO;CH; 
KOC(CH3)5 
2-methylcyclopentanone 2-methyl-2-(2-carbomethoxy)ethylcyclopentanone 
53% yield 
(Eq. 23.34) 
NC 
H5C = CH — CN NC CO,CH,CH3 
— CO,CH,CH, = зе 
HsC; RO НӘСЕН» н.с, 'CH,CH,—CN 
ethyl o-cyanophenylacetate ethyl 2,4-dicyano-2-phenylbutanoate 


75% yield 
(Eq. 23.35) 


We should introduce a word of caution here. Not ай additions to a,B-unsaturated carbonyl 
compounds are conjugate additions. At times we obtain addition products that result from 
addition to the carbonyl carbon atom. In particular, alkyllithium reagents and lithium aluminum 
hydride give principally products of addition at the carbonyl carbon atom, as shown in 
Equations 23.36 and 23.37. 


О 1. СОН ОН 
— 
ЖА us 
4-methyl-3-penten-2-one 4-methyl-2-phenyl-3-penten-2-ol 
65% yield (Eq. 23.36) 
OH 


І. LiAIH4, (CH3CH2)20 
r 
2. aq. acid 


3-methylcyclohex-2-enone 3-methyl-2-cyclohexenol 
98% yield (Eq. 23.37) 


Consider the lithium aluminum hydride reaction. You should recall that this reagent, in 
effect, serves as a source of nucleophilic hydride ion. It attacks the polar carbonyl linkage at the 
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carbon atom faster than it attacks the carbon-carbon double bond. The thermodynamically less 
stable anion (from addition of the carbonyl carbon atom) forms faster than the more stable anion 
(from conjugate addition). If there were a mechanism to establish an equilibrium between the 
two ions, the more stable ion (from conjugate addition) would predominate. However, hydride, 
once attached, can not be displaced, so an equilibrium can not be established and we observe the 
formation of the product of kinetic control. 

Additions of this type give us a useful way of reducing selectively the carbonyl group of an 
о, D-unsaturated carbonyl compound, leaving the carbon-carbon double bond intact. If we wish 
to reduce the carbon-carbon double bond, we can use a catalytic hydrogenation method. Under 
catalytic hydrogenation conditions we can reduce only the carbon-carbon double bond, or both 
the carbon-carbon and carbon-oxygen double bonds, depending on the conditions and catalysts 
used. Examples of these reductions are shown in Figure 23.23. 

Earlier we saw enamines acting as carbon nucleophiles. Enamines also add in a Michael 
sense to &,B-unsaturated carbonyl compounds. Hydrolysis of the reaction mixture yields a 
1,5-dicarbonyl compound, as shown in the example in Equation 23.38. 


S (ХО лави _ 1. ге их Ө 
H,C=CH СН; 2. NaO,CCH; > NaO;CCH; СН;СН;С(О)СН; 
CH35CO;H, H50 


66% yield 
(Eq. 23.38) 


1. LiAlH, 
(diethyl ether) 


Н.С(СН =CH— CH(OH)CH 
2. aq. acid зо FH Роса 


© 


|| H5, СиСг>О4 
c 100—150 at H5C;CH;CH;CH(OH)CH; 
H5C,CH— CH < тен; -150 atm. 
Н», [(С6Н.;)3Р]КЕҺС1 { 
4-5 atm. H;C,CH,CH, < “сн, 


FIGURE 23.23 Methods for reducing o, B-unsaturated carbonyl compounds. By choosing 
the proper reaction conditions, we can reduce either of the x bonds of an 
o, -unsaturated carbonyl compound or both of them. 
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23.11 THE ROBINSON ANNULATION 


Michael addition plays a crucial role in a ring-formation reaction known as the Robinson annu- 
lation. An example of this important process is shown in Equation 23.39. The Robinson 
annulation has been widely used as a synthetic strategy for constructing the six-membered ring 
components of natural products such as steroids. 


IL 1. NaOCH,CH3 
H,C=CH~ “CH, + > 
2 3 О 2. КОН О 
40% yield 
(Eq. 23.39) 
Chemical Biography 
The Robinson annulation consists essentially 
ROBERT ROBINSON of a Michael addition followed by an intramolecu- 
b. 1886 lar aldol (or related) condensation. The base 
d. 1975 needed to generate an enolate ion for the Michael 
D.Sc University of Manchester addition also promotes the condensation reaction. 
(Perkin) 1910 The mechanism of the overall reaction is again 
British Knighthood 1939 similar to those previously seen. 


Nobel Prize (Chemistry) 1947 


The Robinson Annulation 


Step 1 Generation of an enolate ion. 


H dili" 
OCH;CH; w- 
СІ + HOCH;CH; 
О 
m 


Step 2 Michael addition. 


я |) 
Wm E 


Мж НС ш СН; N - 
O 
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Step 3 Proton transfer through solution and re-enolization. 


Step 5 Protonation from solvent and dehydration. 


+ R—0—H— CLA KOH 
— 
OH O 
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* Carbonyl compounds and their derivatives are a rich source of nucleophilic carbon. 


* Enamines and enolate ions act as sources of nucleophilic carbon, a phenomenon we can 


relate to their bonding characteristics. We can draw resonance structures for them with a 
formal negative charge on carbon. 


To convert an aldehyde or ketone completely to its enolate ion, we must use a very strong, 
non-nucleophilic base. Lithium diisopropylamide (LDA) is a common choice for such a 
base. Having formed the enolate ion, we can use it as a nucleophile toward haloalkanes 
and other substances prone to nucleophilic attack. 


Some carbonyl compounds (e.g., B-ketoesters and diesters of malonic acid) are signifi- 
cantly more acidic than other carbonyl compounds. They are converted to enolate ions by 
much milder bases than LDA. The malonic ester synthesis and the acetoacetic ester syn- 
thesis are based on their ease of conversion to enolate ions. 


The malonic ester synthesis provides a general route to substituted acetic acids, and the 
acetoacetic ester synthesis is a general route to methyl ketones. 


If we treat an aldehyde or a ketone with a base that does not convert it completely to its 
enolate ion, we find that the enolate ion that is formed reacts with the parent carbonyl 
compound. The result is an aldol addition or aldol condensation reaction. This type of 
reaction is also useful in syntheses. 


Intramolecular reactions of compounds containing two carbonyl groups lead to cyclic 
products. 


Reactions similar to the aldol condensation are observed with a variety of other carbonyl- 
related compounds. Many of these reactions have specific names relating to their 
discoverers, such as Claisen, Dieckmann, Perkin, and Knoevenagel reactions. 


o,D-Unsaturated carbonyl compounds react readily with many nucleophiles. Often 
addition occurs at the B-carbon atom of such molecules. We call such reactions conjugate 
addition reactions. If a carbonyl nucleophile is adding in this manner, the reaction is 
called a Michael addition. 


The Robinson annulation is an important method for the preparation of cyclic compounds. 
It consists of a Michael addition followed by an intramolecular aldol condensation. 


Terms to Remember 


enols 

enolate ions 

aldol condensation 
malonic ester 
acetoacetic ester 
Mannich reaction 
aldol addition reaction 
B-hydroxyaldehyde 


B-hydroxyketone 

o, D-unsaturated carbonyl 
compound 

condensation reaction 

crossed aldol reactions 

Claisen-Schmidt condensation 

intramolecular aldol conden- 
sation 


retro-aldol reaction 
Claisen condensation 
Dieckmann condensation 
Perkin condensation 
Knoevenagel condensation 
conjugate addition 
Michael addition 
Robinson annulation 
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Reactions of Synthetic Utility 
200. C) б 
Q RX 
a | 


N 
aq. acid 
———— 
R 


R 
201. 
1.LDA 

A 2. RX A 

A =H, R', OR' 
202. 1. base 

H5C(CO;R) 2.R'X > R'CH5CO;H 

3. aq. acid, heat 
203. Pg 1. base О 
2. R'X R' 
OR 3. aq. acid, heat Ал 

204. O O 

ЕН + НСО ————- А 

2NH + Н, U^ Ж єн К в" Д ceno, 

205. 1. С 

2 А“ “СН ЕС. „4 та 2 

| cool | = T — CH 

A=H,R,OR 4 | 

206. | 
O O 
base JL. Ж 
2А CH,—R heat A С СН, — 
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207. о 0 1. ЕЁСН›СО»Ка 


RCH, 07 `CH,R 


208. Агсно + Н,С(СО,В), АгСО,Н, R",NH 
Е. 


209. \_ А А 
+ Ми: acid work-up T^v 
-----:-::-:-:---- 


O Nu О 
А = H, К, OR; Ми = CN’, К-ХН, R;CuLi, enolate 


ArCH = С(СО,К), 


Problem 23.1 


How would you prepare the ethyl a-bromoacetate used in the reaction in Figure 23.5 
starting with acetic acid? 


(answer) 


Problem 23.2 


Write a mechanism for the hydrolysis of the iminium salt shown in Figure 23.5. 


(answer) 


Problem 23.3 


In principle, a different enamine could have formed in the first reaction in Figure 23.6. 
Show the structure of this other enamine. Explain why this enamine did not form in 
preference to the one shown. 


(answer) 


Problem 23.4 


Plan a synthesis for each of the following materials using enamine chemistry: 


a) CHO 


С. 


b) 


CH, CH, 


(answer) 


Problem 23.5 


How would you prepare each of the following molecules, starting with cyclohexanone 
and using enamine chemistry as part of the synthetic sequence? 


a) O O 


CH, CH; 


b) OH 
CH, CH, 


(answer) 


Problem 23.6 


What product will you obtain (after work-up with aqueous acid) by adding 
phenylmagnesium bromide to acetone? 


(answer) 


Problem 23.7 


Give the structures of compounds A and B in the reaction scheme shown below. 
1. LDA, THF (-78РС 10% aq. HCl 
2. H, C=O (-20PC 
O 2 ( ) (СН 403) (СУН 505) 


(answer) 


Problem 23.8 


What problem do you anticipate if we tried the reaction of Equation 23.5 with 
phenylacetic acid itself rather than one of its esters? 


(answer) 


Problem 23.9 


Explain the ability of a protic solvent and the inability of an aprotic solvent to establish 
an equilibrium in the reaction scheme in Figure 23.10. Why would an excess of the 
starting ketone be conducive to the formation of the thermodynamically favored enolate 
ion? 


(answer) 


Problem 23.10 


When tert-butyl ethyl ketone undergoes deprotonation, two diastereoisomeric (Е and 2) 
enolate ions can form. Draw the structures of these two enolate ions. Which enolate ion 
do you expect to be favored by treating the ketone with LDA in tetrahydrofuran? 


(answer) 


Problem 23.11 


Outline a synthesis of the compound shown below, starting with propene and 1,3- 
cyclohexanediol. 


O 
CH, CH=CH, 


(answer) 


Problem 23.12 
We can use the malonic ester synthesis to prepare 3-phenylpropanoic acid but not to 


prepare phenylacetic acid. How would you prepare propanoic acid? Why could you not 
prepare phenylacetic acid by this route? 


(answer) 


Problem 23.13 


You are assigned the task of preparing 2-ethyl-3-methylbutanoic acid via the malonic 
ester route. Which haloalkanes would you need? Outline the entire synthesis. 


(answer) 


Problem 23.14 


When we treat diethyl malonate with sodium ethoxide followed by 1,3-dibromopropane 
and then an additional equivalent of sodium ethoxide, we isolate compound C (formula 
CioH 1604), which exhibits no C=C stretching band in the IR spectrum. On hydrolysis 
followed by heating, C yields product D (formula СНО). Suggest structures for C and 
D. 


(answer) 


Problem 23.15 


Using the strategy introduced in Problem 23.14, outline a synthesis of 
cyclopentanecarbox ylic acid using the malonic ester synthesis. 


(answer) 


Problem 23.16 


Tell which haloalkanes you would require for the malonic ester synthesis of each of the 
following carboxylic acids: 


a) octanoic acid 
b) 2-ethyloctanoic acid 


с) 2-cyclohexylpropanoic acid 


(answer) 


Problem 23.17 


Show the curved arrow mechanism for the decarboxylation step in Figure 23.16. 


(answer) 


Problem 23.18 


Plan syntheses for each of the following compounds using acetoacetic ester as a starting 
reagent. 


a) 4-phenyl-2-butanone 
b) 2-pentanone 
с) 2,5-hexanedione 


d) 3-methyl-2-hexanol 


(answer) 


Problem 23.19 


A beginning graduate student needs a supply of methyl tert-butyl ketone. Recognizing 
that the acetoacetic ester synthesis is a general route for the preparation of methyl 
ketones, she first contemplates, but then rules out, this method of preparing the 
compound. What problem did she foresee? 


(answer) 


Problem 23.20 


Provide a curved-arrow mechanism for the formation of the methyleneiminium ion in the 
first step of the Mannich reaction. 


(answer) 


Problem 23.21 


Explain how acidic conditions favor the efficient accomplishment of the Mannich 
reaction. 


(answer) 


Problem 23.22 


What is the structure of the dialkylation product you might anticipate if methylamine 
were used instead of dimethylamine in the reaction shown in Equation 23.8? 


(answer) 


Problem 23.23 


Deduce the structure of the cyclic compound Е (formula CisH2sNOs) obtained from Ше 
following reaction: 


O O О 


acid 


СНО осн, + Н2С=0 + CH3CH,NH, ~~~” 
3 


Explain how E is formed. 


(answer) 


Problem 23.24 


Devise syntheses for each of the following compounds starting with formaldehyde and 
any other reagents deemed necessary: 


a) О 
C,H; 

N(CH 3)2 

р N(CH,CH,), 
O 

с) 

O 

N 


(answer) 


Problem 23.25 


Draw the structure of the B-hydroxyketone precursor to the final product of Equation 
23.12. 


(answer) 


Problem 23.26 


What product would you expect upon heating cyclohexanone with aluminum tri-fert- 
butoxide? 


(answer) 


Problem 23.27 


It is possible to achieve an aldol condensation using acid rather than base as the catalyst. 
Give a mechanism for the acid-catalyzed condensation of acetone. 


(answer) 


Problem 23.28 


Some p-hydroxyaldehydes undergo reactions other than dehydration. For example, upon 
standing, B-hydroxybutyraldehyde undergoes a dimerization to the product shown below. 
What kind of a reaction is this dimerization? Write a mechanism for it. 


HO 
29-7 Non, nomcn, 
HC Е 


(answer) 


Problem 23.29 


Show the four aldol addition products that we could expect from the addition of aqueous 
sodium hydroxide to a mixture of propanal and butanal. 


(answer) 


Problem 23.30 


How many different aldol addition products are possible upon the addition of aqueous 
sodium hydroxide to a mixture of 2-butanone and 2-pentanone? Draw their structures. 


(answer) 


Problem 23.31 


Predict the major product of a crossed aldol reaction between formaldehyde and 2- 
methylbutanal. 


(answer) 


Problem 23.32 


In the reaction shown in Equation 23.13 there are actually two possible crossed aldol 
condensation products. Write the structure of each and tell which you would anticipate to 
be the major product. 


(answer) 


Problem 23.33 


Give the reagents you would use to form each of the following compounds using a 
crossed aldol condensation. If more than one product forms in a reaction you show, tell 
which you would expect to be the major product. 


a) 
b) О 

H 

CH; 
(CH3)3C H 
с) 
Н 
O 
d СН; 


(answer) 


Problem 23.34 


Give the reagents and the reaction conditions you would use for the preparation of 4- 
methoxyphenyl-3-buten-2-one using a crossed aldol condensation. 


(answer) 


Problem 23.35 


Under what conditions would an intramolecular aldol condensation leading to a five- or 
six-membered ring occur more rapidly than the competing intermolecular condensation? 


(answer) 


Problem 23.36 
Give a complete mechanism for the reaction shown in Equation 23.14. 


(answer) 


Problem 23.37 


What would be the product of an intramolecular aldol condensation for each of the 
following compounds: 


a) 
2,6-heptanedione 


B gg о 


(answer) 


Problem 23.38 


Propose a synthetic route for the overall conversion shown below: 


С» 


(answer) 


Problem 23.39 


Propose a mechanism for the reaction shown below: 


NaOH/H, O 
ЕЕК + (CH4),C-0 


| 9 б 


(answer) 


Problem 23.40 


What product would you expect to result from a retro-aldol reaction on the compound 
shown below? 


O 


CH, 


(answer) 


Problem 23.41 


D-Ketoesters that can not be formed under the usual conditions of the Claisen 
condensation often undergo retro (reverse) Claisen condensations. Propose a complete 
mechanism for the reaction of ethyl 2,2,4-trimethyl-3-oxopentanoate with sodium 
ethoxide in ethanol to form ethyl isobutyrate. 


(answer) 


Problem 23.42 


What problem (or problems) do you foresee in using sodium hydroxide rather than 
sodium ethoxide in an attempted Claisen condensation? 


(answer) 


Problem 23.43 


Give the structure of the Claisen condensation products you would expect by treating 
each of the following with sodium ethoxide in ethanol. 


a) ethyl butanoate 
b) ethyl phenylethanoate 


(answer) 


Problem 23.44 


Suggest synthetic routes for the preparation of each of the following materials using a 
crossed ester-ketone condensation reaction. 


a) O 
CHO 
b) 
O O 
i 
Pages 
H, C C C.H 
3 их 6145 
Н 
с) 
1 
СН, СН,О 
UT Se No en 
| RS ба 
O H CH 


(answer) 


Problem 23.45 


Provide a complete mechanism for the reaction shown in Equation 23.21. 


(answer) 


Problem 23.46 
Predict the product obtained from a Dieckmann condensation of the compound whose 


structure is shown below. Note - this substance has two different types of a-hydrogens, 
but one product by far is the major one formed in the reaction. 


B О 
У-сну,-сн-4 
С 


CH,CH;O H, OCH,CH; 


(answer) 


Problem 23.47 


Give the reagents and reaction conditions needed to accomplish the conversion shown 
below: 


О 
сн; | 
О 


(answer 


) 


Problem 23.48 
Why would the use of the much better base, sodium ethoxide, not be feasible for 


speeding the Perkin condensation, as compared to using the sodium (or potassium) 
carbox ylate salt? 


(answer) 


Problem 23.49 
At high temperatures the product of Step 3 in the mechanism of the Perkin condensation 


undergoes a competing reaction to give АгСН=СН.. Write a mechanism for this reaction 
using the curved-arrow formalism. 


(answer) 


Problem 23.50 
Suggest a structure for the product of the reaction shown below. 


O O 
Өн || || 1. CH3CO;K 
+ C C — С©%Н,О 
ii" N 2. aq. acid EG 
cuo ИС 0 OH, ~ 


(answer) 


Problem 23.51 


Attack by the nucleophile on the oxygen atom of the carbonyl group of an о.,В- 
unsaturated carbonyl compound would also produce an anion with two resonance 
structures. Suggest reasons why attack at oxygen does not occur. 


(answer) 


Problem 23.52 


Consider the addition of НСІ gas to H2C-CH-CHO, The first mechanistic step is 
protonation of the organic compound to give the more stable of the possible cationic 
intermediates. What is this cation? What final product do you expect in the overall 
process? 


(answer) 


Problem 23.53 
Deduce the structure of the product (formula C7H 1407) you would expect on the addition 
of methanol in the presence of sulfuric acid to (CH3),C=CH-C(O)CH3. Show a complete 


mechanism for the formation of this product. 


(answer) 


Problem 23.54 


Devise syntheses for each of the following compounds using a Michael addition reaction: 


a) 


О Сењ 
CO, CH, CH; 
Н.С, 
CO, CH, CH; 
b) 
O cH O 
CH, 
О 
с) 
О 
CH, CO, CH, 


(answer) 


Problem 23.55 


Give the complete mechanism for the reaction of Equation 23.38 using the curved-arrow 
formalism. 


(answer) 


Problem 23.56 


Predict the product of the Robinson annulation reaction that occurs when cyclohexanone 
and H3CgCH-2C(O)CH, are treated with sodium amide. 


(answer) 


Problem 23.57 


A mixture of (CH3)2C=C(CH3)C(O)CHs3 and diethyl malonate is treated with sodium 
ethoxide. After initial enolate formation and Michael addition, a Dieckmann reaction 
occurs to give a 95% yield of a product of formula Со 18014. Suggest a structure for this 
product. 


(answer) 


Problem 23.58 


Suggest a synthesis for the compound shown below using the Robinson annulation 
procedure. 


O 


(answer) 


Problem 23.59 


From each pair of compounds, choose the one with the indicated property and explain 
your choice. 


a) is racemized when placed in basic solution: (R)-A-methyl-2-hexanone ог (R)-3- 
methyl-2-hexanone 


b) forms an enamine when treated with a ketone: diethylmethylamine or 
diethylamine 
с) has the higher frequency carbonyl stretching band in the IR spectrum: 


cyclohexanone or 2-cyclohexenone 


d) has the higher frequency carbonyl stretching band in the IR spectrum: p- 
nitroacetophenone or p-methoxyacetophenone 


e) is more acidic in aqueous solution: nitromethane or nitrobenzene 
f) is more acidic in aqueous solution: 2-butanone or 2,4-pentanedione 
g) is more acidic in aqueous solution: 
O 
A | 
or 


h) is an a,B-unsaturated carbonyl compound: 5-phenyl-2-hexenal ог 5-phenyl-3- 
hexenal 


(answer) 


Problem 23.60 

Give the structure of each of the following: 

a) a chiral substance of formula С7Нц4О that is not racemized when placed in 
aqueous basic solution but gives a yellow precipitate when treated with an aqueous 


solution containing KOH апа bL. 


b) a compound of formula СН 1602 that yields the compound shown below via ап 
intramolecular aldol condensation on treatment with aqueous NaOH. 
O 


с) a compound of formula СН |8О; that forms upon heating a mixture of 
HsCe6C(O)C(O)CeHs and 3-pentanone in KOH/ethanol solution. 


(answer) 


Problem 23.61 


Draw structures of the products (there may be more than one) of each of the following 
reactions. 


a) a base-catalyzed mixed aldol condensation of cyclohexanone and propanone 

b) a base-catalyzed mixed aldol condensation between isobutyraldeh yde and 
formaldehyde 

с) an intramolecular aldol condensation of 2,8-nonadione 

d) a Claisen condensation of ethyl propanoate 

e) a mixed Claisen condensation of ethyl formate with propanone 

f) a mixed Claisen condensation of ethyl oxalate with cyclohexanone 

g) a reaction in which an enamine derived from 3-pentanone is allowed to react with 


methyl acrylate (methyl propenoate) and the resulting intermediate is hydrolyzed to a 
ketoester 


h) a reaction in which ethyl phenylacetate (ethyl phenylethanoate) and diethyl 
malonate are allowed to react in the presence of sodium ethoxide 


1) a reaction in which p-nitrobenzaldehyde is allowed to react with acetic anhydride 
and sodium acetate 


j a reaction in which cyclohexanone is treated with nitroethane and sodium 
methoxide 


(answer) 


Problem 23.62 

Propose synthetic routes for each of the following: 

a) 4-hydroxy-2-butanone by an aldol condensation 
b) 4-methyl-2-pentanone from ethyl acetoacetate 


с) 4-phenyl-2-butanol from benzaldehyde and propanone 


d) 2-methylcyclopentanone from cyclopentanol 

e) 5-hydroxy-2-pentanone from ethyl acetoacetate 

f) 2-methylpropanoic acid from diethyl malonate 

g) y-butyrolactone from diethyl malonate 

h) 3-methylcyclohexanone from 2-cyclohexenone 

1) 1-phenyl-1,4-pentanedione from ethyl acetoacetate 


(answer) 


Problem 23.63 
Give the structures of compounds A-W. 


a) Compound A (C3H60) reacts with B (Ci3H 10O) in the presence of NaOH in а 
mixed aldol condensation to give C (С 6Н!4О), which exhibits the following 'H NMR 
signals: 7.26, 10H, singlet; 2.36, 3H, singlet; 5.35, 1H, singlet. 


b) Propanone is treated with barium hydroxide followed by acid work-up of the 
reaction to give D (СН 100). In turn, D reacts with chloride in aqueous sodium hydroxide 
solution to give E (C3HsO») along with chloroform. Compound E reacts with hydrogen 
gas in the presence of platinum catalyst to form Е (С, НО). 


с) Ethyl acetoacetate, on treatment with sodium ethoxide followed by the addition of 
1-bromo-2-propanone yields G (CoH 1204). On treatment with aqueous sodium hydroxide 

followed by heating with aqueous acid, G yields Н (C6H;60;). Finally, on treatment with 

sodium ethoxide, Н yields I (C6HsO). 


d) In the presence of an acid catalyst 3-pentanone reacts with pyrrolidine [a cyclic 
amine of formula (CH2)4NH] to form J (CoHi7N). Compound J in turn reacts with methyl 
vinyl ketone to yield (after aqueous work-up) compound К (СәН,6О;). Finally, K reacts 
with sodium ethoxide to yield L (CoH140). 


e) Methyl propenoate reacts with methylamine to form M (СоН1702М). Compound 
M in turn reacts with sodium methoxide to form М (CsHi3NQs3). 


f) A mixture of methyl vinyl ketone and ethyl acetoacetate reacts in the presence of 
sodium ethoxide to yield О (СюоНО4). On treatment with aqueous acid followed by 
heating, О yields Р (C7H120). On treatment with МаВНа, P forms О (C;H 1602). 


g) Compound К (CsH иВт) reacts with cyanide ion to form S (СоНи №), which on 
heating with aqueous acid yields T (СН 20). Heating compound T with ethanol in the 
presence of an acid catalyst forms U (СН 1602). Compound U does not undergo a Claisen 
condensation. 


h) Methylpropanal on treatment with formaldehyde and base yields V (С5Н 1007). On 


treatment with sodium cyanide in the presence of an acid catalyst and work-up by 
refluxing with aqueous acid, V yields УУ (C6H1003). 


(answer) 


Problem 23.64 


Propose a reasonable mechanism to account for the fact that 3-butenal is isomerized to 2- 
butenal when treated with base. In light of your answer, decide which of the substances X 
or Y would not isomerize to Z on treatment with base. 


(answer) 


Problem 23.65 
Propose mechanisms to account for each of the following transformations. 


a) Nitriles of the type RCH2CN, when treated with sodium hydride followed by 
aqueous acid, are converted to substances of the structure 


O 
R CN 
R 
b) The keto ester AA is isomerized to BB when treated with sodium ethoxide in 
ethanol. 
О О 
CH; Н.С CO, СН,СН; 
NaOCH, СН; 
>» 
ВВ 
АА 
с) Benzaldehyde and ethyl acetoacetate react іп the presence of a base to give СС. 
O 
CH, СН,О, С 
Н; Св CH; 
CO,CH, СН; 
Cc 
d) 
O 
O 


NaOCH, CH 
22% + СК av“ H,C 
СН; O Cs Hs 


Н.С 
сын; 


е) 


H;C,NH 
+ 
O,CH, CH, 
2 
Wee 


(answer) 
answer 


Problem 23.66 
Provide structures for the compounds DD-JJ based on the information given. 


Compound DD (C6H1004) is neutral to litmus. On alkaline hydrolysis of DD followed by 
work-up with mineral acid, it is converted to EE (С.Н«О4). Compound EE exhibits а 
broad IR absorption band from 2500-3500 cm”. On heating, EE readily yields FF 
(САНАОз). None of the substances DD-FF decolorize aqueous basic potassium 
permanganate solution. Condensation of DD with ethyl formate in the presence of 
sodium ethoxide yields GG (C7H1005). When GG is boiled with dilute aqueous sulfuric 
acid, it is converted to a carboxylic acid HH and carbon dioxide is evolved. Treatment of 
HH with Tollens' reagent gives metallic silver and carboxylic acid EE. Reaction of HH 
with sodium borohydride yields carboxylic acid П, which has a molecular weight of 104 
g/mole. When heated, II forms JJ (СНО). The ІН NMR spectrum of JJ appears 
moderately complex because of overlapping signals. It can be interpreted, however, as 
being composed of two triplets (each of relative area 1) and a pentuplet (also of relative 
area 1). 


(answer) 


Problem 23.67 

Give the structures of compounds KK-NN in the following sequence. 

Treatment of benzaldehyde with propanoic anhydride in the presence of sodium 
propanoate yields KK. LL is formed upon treatment of KK with hydrogen over a 


platinum catalyst. LL reacts further with thionyl chloride (SOC1,) to yield MM. 
Compound MM reacts in the presence of aluminum chloride to form NN (СлоНлоо). 


(answer) 


Problem 23.68 


Provide the missing reagents, intermediates, or products (OO-RR) in the following 
reaction scheme. 


NaOCH, CH, 


C,H;CHO + (CH4),C20. ------ ОО 
HOCH,CH, 


|; Ке 
30% aq. H5SO, = 


QQ 7 


OH 


(CioH 40) 


heat 
RR | (Diels-Alder 
reaction) 


Y 


C; H; 
CHO 


(answer) 


Problem 23.69 


Provide the structures for each of the materials SS-ZZ in the following sequence. 


CH3NO, , NaOH H, : Pd 
SS —+ ТТ — > UU 
но CH, СН, ОН 
(Cio H1? O) (Ci; H13NO5) (Ci Hi; N) 
ІН NMR: IR: 1620 cni! IR: 3400 eni" 
6H. doublet insoluble in dilute aq. НСІ 
1H, multiplet 
4H, broad singlet acetic | 
1H, singlet (at 108) anhydride 
1. LiAlH , 
2. Ар,О d 
WW «—————————— VV 
(СНЫ 3. heat, water (C,4H М0) 
IR: 3400 cnr! IR: 1665, 3400 cni! 
soluble in dilute aq. НСІ insoluble in dilute aq. НСІ 
HCO,H 
Y 1. excess CH; I 
ХХ ——— YY 
(C44H54N) 2. Ag50 


3. heat, water 
IR: no bands > 3000 cm! 


soluble in dilute aq. HCI 


МавВН, 


hot aq. CHOW 
3 


KOH/KMnO, 


Y 
CO;H ZL 
IR: 3400 cnr! 
CO;H 


(answer) 


23.1-answer 


Acetic acid would first be treated with PBr3/Br2 and worked up with aqueous acid to 
generate the a-bromoacetic acid. We would then perform a Fischer esterification using ап 
acid catalyst and an excess of ethanol to generate the target material. 


23.2-answer 


E + \ Br | \ l 
AI Br 
> N 
CH,CO, CH,CH, H,O 
CH,CO,CH,CH; 


Mà" > 


nod} --- но 
CH,C O;CH;CH; H,CO,CH,CH; + HBr 
а /CH,CO,CH,CH; -H* CH,CO, CH ‚Сн, 
— > 


23.3-answer 


The alternative enamine that one might consider to have been generated is: 


004 
The formation of this enamine is disfavored since the enamine double bond is not 


conjugated with the aromatic system. That type of conjugation is involved in the 
alternative enamine and results in it being the one that is favorable. 


23.4-answer 


a) 
1. pyrrolidine, acid catalyst 


2. CHI 
CHO  3.aq.acid CHO 


b) 
1. pyrrolidine, acid catalyst 
2. CH; CH, I 


3. aq. acid 
[ =o —- О 


CH, CH, 


23.5-answer 


a) 


b) 


O 


1. pyrrolidine, acid catalyst 
2. СН „СН, СОС! О О 
3. aq. acid 


5 


CH,CH, 


1. pyrrolidine, acid catalyst 
2. СН; СН. 

3. aq. acid OH 

4. NaBH, ІСН; СН, ОН CH, CH, 
5. aq. acid 


a > 


23.6-answer 


2-phenyl-2-propanol 


23.7-answer 


CH, ОН 
A 
O 
O 
B O 


23.8-answer 


We would immediately generate the phenylacetate anion (the carboxylate anion) with the 
first equivalent amount of base added. Any additional reaction to remove a second proton 
from the species (from the a.-position) would be quite problematic; there are reagents that 
can accomplish this, but generally they are significantly stronger bases than is amide 
anion. 


23.9-answer 


In an aprotic solvent, once the initial acid-base reaction had occurred, there would be no 
way for reprotonation of the enolate ion to occur to establish an equilibrium. The 
distribution of products would reflect the kinetic nature of the acid-base reaction rather 
than the thermodynamically determined position of the equilibrium. An excess of starting 
ketone allows equilibration to occur, even in the absence of a protic solvent, by providing 
a source of protons to allow equilibration to occur. 


23.10-answer 


Г | 
C CH 
Кеды раже 9 С н 
CHOSE" TE (Снс“ Зс 
H CH, 
2 Е 


As Ше 2 stereoisomer engenders lower steric interactions than does the Е stereoisomer, it 
is favored thermodynamically. 


23.11-answer 


with the diol, KMnO4/KOH/H20 to generate the diketone 

with propene, Br;/light to generate allyl bromide 

with the diketone from (1), NaOH/ethanol to generate the anion and add the allyl 
romide from (2) to give the product. 


1 
2 
3 
b 


23.12-answer 


1. treat malonic ester with NaOH/ethanol (1 equivalent) 
2: add benzyl bromide to Ше resulting enolate ion 
3. hydrolyze the resulting substituted malonic ester and heat to decarboxylate it 


This procedure would not work for the preparation of phenylacetic acid since a 
nucleophilic substitution reaction would need to be performed on bromobenzene, which 
will not undergo such a reaction. 


23.13-answer 


Contemplating the target structure, we can do a retrosynthetic analysis: 


(CH3), CH 


We see that we would need a haloethane (iodoethane) and a 2-halopropane (2- 
bromopropane). Use of the latter would result in some elimination occurring, so we 
should perform this incorporation first to minimize difficulties. That is, the complete 
procedure would be: 


1. treat malonic ester with NaOH/ethanol to generate the enolate ion 

2. add 2-bromopropane to the enolate ion to get the first alkylation 

3. treat the intermediate with NaOH/ethanol to generate the new enolate ion 

4. treat the new enolate ion with iodoethane to complete the alkylation process 

5. hydrolyze the ester linkages and finish with aq. acid to generate the free diacid 
6. heat the system to accomplish decarboxylation 


23.14-answer 


CO,CH,CH, 
й 
$ CO,CH, CH, 


23.15-answer 


Diethyl malonate is first treated with an equivalent of NaOH/ethanol to generate the 
enolate ion. There is then added to it 1,4-dibromobutane, followed by a second treatment 
with an equivalent of NaOH in ethanol to generate the further enolate ion (dilute in 
ethanol solution). The resultant disubstituted malonate diester is hydrolyzed under acidic 
conditions and heated until decarboxylation to generate the cyclopentanecarbox ylic acid. 


23.16-answer 
a) 1-bromohexane 
b) 1-bromohexane and iodoethane 


с) iodomethane апа bromocyclohexane 


23.17-answer 


Н.С 


Н 
о. C 
S Қ 
СУ MC 
/ 
H R 


23.18-answer 


a) 


b) 


c) 


d) 


> О КО е AUNE А Оз до н 


~ Суљо Бо м н 


. ethylacetoacetate treated with sodium ethoxide in ethanol 
. benzyl bromide 

. heat with aqueous acid (hydrolysis) 

. heat (decarboxylation) 


. ethylacetoacetate treated with sodium ethoxide in ethanol 
. ethyl iodide 

. heat with aqueous acid (hydrolysis) 

. heat (decarboxylation) 


. ethylacetoacetate treated with sodium ethoxide in ethanol 
. bromoacetone 

. heat with aqueous acid (hydrolysis) 

. heat (decarboxylation) 


. ethylacetoacetate treated with sodium ethoxide in ethanol 
. 1-bromopropane 

. Sodium ethoxide in ethanol 

. lodomethane 

. heat with aqueous acid (hydrolysis) 

. heat (decarboxylation) 

. Sodium borohydride in 2-propanol (reduction) 


23.19-answer 


The difficulty would arise because synthesis of methyl tert-butyl ketone using the 
acetoacetic ester approach accommodates the substitution of only two alkyl groups at the 
nucleophilic carbon, and introduction of a tert-butyl group would require three such alkyl 
groups (methyl groups) to be introduced. 


23.20-answer 


------ 


H* 


23.21-answer 


Acidic condition facilitate both the formation of the methyleneiminium ion and the enol 
form of the carbonyl compound required for the completion of the reaction. 


23.22-answer 


CH3N[CH;C(CH3);CHO]; 


23.23-answer 


CH30,C СОСН; 


The reaction proceeds in two successive "Mannich-type" reactions, first of the primary 
amine with one of the a-carbon sites, and then in a second "alkylation" with the 
remaining a-carbon site. 


23.24-answer 


a) A mixture of dimethylamine, formaldehyde, and acetophenone is allowed to react 
in the presence of an acid catalyst. 


b) A mixture of diethylamine, formaldehyde, and 3-pentanone is allowed to react in 
the presence of an acid catalyst. 


с) А mixture of piperidine, formaldehyde, апа cyclohexanone is allowed to react in 
the presence of an acid catalyst. 


23.25-answer 


23.26-answer 


O 


23.27-answer 


—_— 


acid-catalyzed 
dehydration 


23.28-answer 


Itis an acetal formation reaction. 


OH H OH Е 
— 
о О OH О | _ OH 
O 
H H 
E 
Y 
O 


HO 
Ce CH,CH(OH)CH,; 
нұс P 


23.29-answer 


vs 


HO—C —H 


HO—C—H 


HO—C—H 


23.30-answer 


Eight products are expected: 


(0) (0) (0) (0) 
CH, CH; А CH, CH; А CH; CH; 
HO— C—CH, HO— С — СН; HO— S HO— C— CH; 
O O о O 
СН; СН, СН,СН,СН; “Хон сн,сн; 
HO— C— CH; HO— C— CH, HO—C— CH; HO—C—CH 


1 9 


23.31-answer 


CHO 
p on 


23.32-answer 


minor 


23.33-answer 


o 


a) 


б = 


O 
H 
| C6 Hs 
H Г 
o 


b 
) (CH 3)3 C-CHO and (CH 3)2 C=O 


minor product formed: 


c) 


and С Н5-СНО 


minor product formed: 
О Сб H; 


22 “н 


23.34-answer 


To a dispersion/solution of 4-methoxybenzaldehyde in aqueous sodium hydroxide is 
added slowly/dropwise with vigorous stirring an aqueous solution of acetone. 


23.35-answer 


A five- or six-membered ring formation would involve the interacting sites being able to 
come together with a relatively strain-free activated complex, as compared to other sized 
rings. However, the concentration of the reacting solution would still need to be kept 
relatively dilute to prevent intermolecular collisions of reactable species before the 
reactive ends of a single molecule could rotate into a conformation in which they would 
be closely situated. With longer chains, the chances for the reactive sites to "find" each 
other intramolecularly would require significantly greater time, and intermolecular 
reaction would be favored, even with significant dilution. 


23.36-answer 


O 


KOH/H О 


+ НО” 


23.37-answer 


a) 
O 


b) 


23.38-answer 


23.39-answer 


H,O 


o 


{ | У 


ще аз 


23.40-answer 


HOC 


CH, 


23.41-answer 


О = 
(o CHCHQ о) 09 
>» 

тх 


CH,CH,O° 


A= 


aN 
(CH,),CH OCH, CH, 


+ 


O HOCH ,CH 
Y 2 3 0 
(CH,),CH” ~OCH,CH, 


ee 7 N 
(СНС _ ОСН;СН; 


23.42-answer 


In addition to being less capable than sodium ethoxide in pushing the reaction forward as 
a base, it can also lead to simple saponification of the starting ethyl ester to the salt of the 
carboxylic acid for which removal of the a-hydrogen (to generate a dianion) would be 
virtually impossible. Yet further, the product could be partially hydrolyzed to the salt of 
the carboxylic acid providing a mixture of products that could be difficult to separate. 
The base used should always be matched to the ester group of the starting material to 
prevent these difficulties. 


23.43-answer 


a) О О 


b) 


Сен 


23.44-answer 


a) O | 
о NaOCH;CH; CHO 
y 
+ 
H ОСН, СН; HOCH, СН; 
b) 
CO;CH;CH; O O 
i СЇ > 
HOCH, CH, Жы 
н Сн 
с) | 
Hs Св... CHa Cs Hs + CH CHO. p: 
С C ^D OCH;CH; 
O O 
"nom 
=== еее. 
(Sp S 


HOCH, CH; 


23.45-answer 


Q O 
- 
(СН,);СН; ( т- 5 
CH,CH,O 5 OCH;CH,; 
CH3;4CH;O' 
О 
CO,CH,CH, 


CH,CH,O + _— 


HOCH,CH; 
о . oO 
(CH); CH 
СН;СН,О OCH,CH, 
Y 
СН;СН;О 9) 
we 
CO,CH, CH, 


23.46-answer 


О 
H,C CO, CH, CH, 


23.47-answer 
CH 
3 10, rs 
| - О 
2. М CH 3CO,H О 
H 


HOCH, CH; NaOCH, CH; 


Y 


О он 


23.48-answer 


Use of a stronger base, such as sodium ethoxide, would lead immediately to attack by 
that base on the anhydride, leading to virtually complete conversion to the ethyl ester of 
the carboxylic acid. No Perkin condensation would occur. If the carboxylate anion were 
to attack the carboxyl-type carbon of the anhydride, it would simply result in the 
exchange of one carboxylate unit for another, and the reaction could continue in the 
normal manner. 


23.49-answer 


H 
ie oN AEN ИН 
H =. ll = 
О > + CO, + CH,CO, 
я. T 


23.50-answer 


O O 
ве: 


23.51-answer 


We can consider two rationale for the nucleophile not attacking the carbonyl oxygen 
atom. One relates to the two resonance contributing forms of the species that would be 
generated by attack at the oxygen of the carbonyl unit. The negative charge would be 
generated and distributed over two carbon atoms, as opposed to a carbon and an oxygen 
with attack at ће B-carbon atom. Oxygen, being more electronegative than carbon, is 
better able to stabilize the negative charge than is a carbon atom. Further, contemplating 
the molecular orbitals of the conjugated л system, the nucleophile would add to the 
LUMO z* molecular orbital, which has a major (empty) lobe on carbon, but only a much 
smaller lobe associated with oxygen, and thereby attack at carbon is preferred over attack 
at oxygen. 


23.52-answer 


H H 
07 07 
+ я----> | 
C C 
H&;C,CH-CH^ “СН; HCZ “сн, 
| 
+ CHC, H; 
О 
|| 
C 


H;C,CH(C)CH,~ “Сн; 


23.53-answer 


О 
| 
„СА 
(СН з), C(OCH4)CH, сн; 
А 
1 
О 
| н | 
С t C 
(CH;),C=CH~ ^ "CH, (CH,,C=CH~ сн, 
B: TN | 
H 
О НОСН OH 
C... x ZEN 
5 ж CH (CH3),C-CH CH, 
+ 
н,со C CH» 
|^ 
H 
B: =f | 
Y 
| 
С 


(CH;),C(OCH;)CH,~ “Сн; 


23.54-answer 


a) 


(0) (0) CC H5 
H, C(CO, CH, CH,), 
pm 2. CO, CH, CH, 
Hs Св 65 маоснусн,  —HsCe 
CO, CH, CH, 
b) ү 
О O сн; О 
P 9 
|: CH; — CH, 
NaOCH, СН; 
О 
с) 
б о 
H, C(CO; CH3) ; 
» 
NaOCH, 


CH, СО» CH; 


23.55-answer 


ye 


O 


CH,C H=C O- CH, 


CH,CH,C(0)CH, 


+ НО" 


23.56-answer 


CoH; 


23.57-answer 


CH,CH,0,C 


23.58-answer 
O 


1. NaOCH, СН; 


" ONO NM 
О 2. KOH 


O 


23.59-answer 


a) (R)-3-methyl-2-hexanone - the enoliozable hydrogen is at the stereogenic site 
b) diethylamine - a secondary amine is required to generate the enamine 
с) cyclohexanone - conjugation lowers the frequency associated with the carbonyl 


stretching frequency 
d) p-methoxyacetophenone - the conjugation of the nitro group with the carbonyl 
linkage decreases the double-bond character of the carbonyl group, weakening it, and 


causing it to have a lower frequency vibration 


e) nitromethane - the nitro group disperses the negative charge associated with the 
conjugate base 


f) 2,4-pentanedione - there is greater charge dispersal with the conjugate base 


g) cyclopentanone - the bicyclic ketone is not capable of dispersing the negative 
charge of the conjugate base 


h) 5-phenyl-2-hexenal - the alternative is an a,y-unsaturated compound. 


23.60-answer 


a) 


b) 


с) 


23.61-answer 


a) 
O 
2 
апа О 
ZA 


(along with non-mixed products) 


b) 
O 
ха 
OH 
(along with non-mixed products) 
с) 
on 
d) 
O 
O OCH, СН; 
e) 
дд 
O H 
f) 


O O 
O 


OCH, CH, 


9) 


en оса 


h) 
O 


H;C 
5 Op ms 


O 
СНз СНО O 


т. сон 


"о 
C 


i) 

O;N 
1) 

O;N 


23.62-answer 


a) 


b) 


с) 


d) 


е) 


9) 


h) 


1) 


1 


. formaldehyde with KOH/ethanol 


2. add propanone dropwise (cool) 


Ne 


1. 


. ethyl acetoacetate with sodium ethoxide 
. 2-bromopropane 
. heat with aqueous acid 


. benzaldehyde with sodium ethoxide/ethanol 
. add propanone dropwise (heat) 
. Hy/PtO; 


. CrO4/H;0/H580, 

. piperidine, acid catalyst 
. lodomethane 

. aqueous acid 


. ethyl acetoacetate with sodium ethoxide 
. ethylene oxide 
. aqueous acid, heat 


. dimethyl malonate with sodium methoxide/methanol 
. lodomethane 
. aqueous acid, heat 


diethyl malonate with sodium ethoxide/ethanol 


2. ethylene oxide 


3. 


aqueous acid, strong heating 


lithium dimethyl cuprate with 2-cyclohexenone 


1. 
2. 
3. 


ethyl acetoacetate with sodium ethoxide/ethanol 
styrene 
aqueous acid, heat 


23.63-answer 


A 


B 


(CH3), C=0 

(C;H5),C-O 

CH; C(O)CH=C(C ,H;); 

CH; C(O)CH-C(CH з), 
(CH3),C=CHCO,H 

(СНз); CHCH,CO,H 

СН; C(O)CH , CH(CO;CH, CH; )C(O)CH з 


СН; С(О)СН , CH, C(O)CH з 


CH3N(CH „СН, СО, СНз); 


СО, СН. 
О 


H,C 
CH4C(O)CH(CO „СН, CH,)CH „СН, C(O)CH , 
CH,[CH, C(O)CH з], 
CH,[CH , CH(OH)CH, ], 

CH,CH, C(CH,);Br 

СН СН, C(CH,),CN 

СН;СН,С(СН;);СО,Н 

CH,CH, C(CH;),CO, CH, CH; 

HOCH, C(CH;),CHO 


HOCH) CO;H 


23.64-answer 


| HO O 
—_ ++ 
H H H,O 
H 
| 
O н.о О 
зү “и а= SR 
H H 


This mechanism requires the enolate ion to be further delocalized by resonance to place 


the negative charge partly at the y-position. While structure X is capable of this, structure 
Y is not so capable and would not be isomerized to Z. 


23.65-answer 


a) 


> RCHCN — RCH? CN 


RCH,CN + NaH 


aq. acid 
(imine hydrolysis) 


< 


RCH, eS 


b) 


3 
2 


OCH,CH, 


H; 
CO,CH,C 

C 

H; 


CH; 
CH, 
HO 


CH 3 
СОСН, 
C 

H; 


с) 


— 


сњсњо 0 О 


p ————————— 


HOCH,CH, 
( ОСН,СН; м— ОС 
О О 
Н.С 


6 Н Ж.А 
И OCH,CH; О 
CH,CH,0,C 


H;C, 
07 CH4CH,0* Е О 
CH3CH,0,C ui de CO,CH,CH, 
CH, 
H5Cg 
H О HOCH,CH, О 
CO;CH;CH; Sees ЕНЕН, ОС 
H 
|; Ке 


CO,CH,CH, 


е) 


HsC, 


НС 
Y 
CH,CH,O 
e 
H;C6 
HO 
HOCH,CH, 
— a CE; 
H;C6 
CH,CH,O' 
HOCH,CH, 
Н:С; 


Н:С; 


HOCH;CH, 


CoHs 


Y 


OCH,CH, 


M 


HN-NHC H; 


Ж 


гы 


О 


~= 
Si ОСН,СН; 


H,O 


a. < я 
мм O9CH;CH; 4 OCH,CH, 


7 % 


23.66-answer 


DD 


EE 


FF 


GG 


HH 


II 


JJ 


CH40, CCH, CH,CO, CH, 


HO,CCH,CH,CO,H 
О 

аба 

CH4,0, CCH(CHO)CH , CO, CH, 


HO,CCH,CH, CHO 


HOCH, CH, CH, CO; H 


O 


Жа: 


23.67-answer 


CO,H 
KK IY 
CO,H 
г. Cy T 
C(O)CI 
Не Cy T 
O 


23.68-answer 


OO Н;6 
d d 


O 


PP NaBH, or DIBAL 


23.69-answer 


CHO 

CH-CHNO, 

CH, CH; NH, 

CH, CH, NHC(O)CH ; 
CH, CH; NHCH,CH, 
CH, CH, N(CH4)CH › CH, 
CH=CH, 

CH, OH 


CARBOHVDRATES 


24.1 INTRODUCTION 


SIGNIFICANCE 


Carbohydrates are one of the most abundant and significant types of biological molecules. 
They serve as one of the fundamental food groups and are a major source of calories for most 
animals. In the body they are broken down into simpler molecules through a sequence of meta- 
bolic reactions known as catabolism. Catabolism allows the energy of the chemical bonds of 
carbohydrates to be used in other life processes. Carbohydrates are a major source of the energy 
needed to drive these chemical processes. 

Carbohydrates play another role in living organisms. The structural elements of the walls of 
most cells are composed of large carbohydrate molecules, and some of these carbohydrates also 
serve as sites of specific recognition (receptor sites) on the cell wall surfaces to regulate inter- 
action with other cells and molecules. 

In recent years synthetic organic chemists have increasingly turned to biologically derived 
carbohydrates as convenient sources of optically active reagents. Such carbohydrates serve as 
starting materials for the synthesis of chiral organic molecules of highly complex structure or as 
reagents for the purification of organic molecules. 

In discussing carbohydrates, we move to a new level in our excursion through organic chem- 
istry. So far we have usually been concerned with the chemical and physical characteristics 
conferred on a molecule by the presence of a single functional group (on a hydrocarbon lattice). 
Carbohydrate molecules contain at least two (and most often several more) functional groups. 
The chemistry associated with a particular carbohydrate molecule depends on the interrelation- 
ship among these functional groups as well as on the molecule’s interactions with other 
molecules. 

Thus, the organic chemistry of carbohydrates is a complex matter, and the full realm of 
chemistry associated with carbohydrates has by no means been explored. (This chapter pro- 
vides only brief introduction to this vast topic.) In order to understand the chemistry of 
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carbohydrate molecules we must pay very close attention to the details of their structure and 
stereochemistry. However, we should not look at the structural complexity of carbohydrates 
as a negative factor. It is this very complexity that allows carbohydrates to serve as both 
highly specific reagents in biological processes and as construction materials in organic 
synthesis. 


FUNDAMENTALS OF STRUCTURE 


The name carbohydrate was coined because the general formula for most of the simple mem- 
bers of this class of compounds, C,(H2O),, suggested that they were hydrates of carbon. 
However, structural studies quickly established that carbohydrates are not hydrates in the same 
sense that many inorganic compounds are hydrates, e.g., a hydrate of nickel chloride, 
NiCL;(H;O);, which is red in color, compared to the anhydrous МІСІ;, which is yellow in color 
and can be generated from the hydrate by heating gently under vacuum. Carbohydrates contain 
no intact water molecules. Carbohydrates are actually polyhydroxyaldehydes, polyhydroxyke- 
tones, or molecules with related structures. 

The carbon atoms of a carbohydrate are usually (not always) joined in a continuous 
sequence without branching. We use the term straight-chain or linear carbohydrate for such 
structures. The common straight-chain simple carbohydrates fall into two structural cate- 
gories as shown in Figure 24.1. In one group the carbonyl group is an aldehyde. We refer to 
such compounds generically as aldoses, the -ose ending indicating that the compound is a 
carbohydrate and the ald- prefix indicating that an aldehyde group is present. The other 
category contains a ketone functionality as its carbonyl group. We classify these compounds 
as ketoses. 

We also classify carbohydrates according to the number of carbon atoms they contain using 
the generic terms shown in Table 24.1. 

A major factor in the structural complexity of the linear carbohydrates arises from the fact 
that they contain stereogenic carbon atoms equal in number to the number of secondary 
hydroxyl groups present. Since there are n stereogenic carbon atoms in an aldose (an aldose con- 
tains n + 2 total carbon atoms; see Figure 24.1) and no possibility of a plane of symmetry, there 
will be 2" stereoisomers for each category of aldose. 


шоп 
CHO (СНОН |, 
[нон ln cr 
CH,0H | CHOH], 
Gaon 
aldose ketose 


FIGURE 24.1 General structures of aldoses and ketoses. In an aldose, one of the hydroxyl 
groups is primary and the remaining are secondary. In a ketose, two 
hydroxyl groups are primary and the remainder are secondary. 
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ТАВІЕ 24.1 Classification Terms for Carbohydrates. 


Carbon Atoms General Term Aldehyde Ketone 
3 triose aldotriose ketotriose 
4 tetrose aldotetrose ketotetrose 
5 pentose aldopentose ketopentose 
6 hexose aldohexose ketohexose 
7 


heptose aldoheptose ketoheptose 


Special Topic 


Biological Carbohydrates of Nonlinear Structure 


Although they are not as common as the carbohydrates of linear structure, a few carbohydrates of 
nonlinear structure do occur in biological systems. Some of these, such as D-apiose, are similar to the 
linear carbohydrates in that they have a single carbonyl group and a hydroxyl group associated with 
each of the remaining carbon atoms. However, their carbon chains are branched. There are also cyclic 
carbohydrates, such as myo-inositol in which no carbonyl group is present. There is a secondary 
hydroxyl group at each carbon atom. 


CHO 
| HO OH 

Н--С--ОН H6 

| 

HOCH, —C—CH,OH өн 

| HO OH 

OH 
D-apiose myo-inositol 


myo-Inositol (in phosphorylated form) has been implicated as a species of major significance for 
the intracellular transmission of biological signals and calcium ion binding. 


Later we will consider the matter of carbohydrate stereochemistry in greater detail. 

We often classify carbohydrates and related molecules as monosaccharides, 
disaccharides, and so forth. These terms describe the complexity of the compound. For 
example, in a disaccharide molecule there are two separate carbohydrate units (monosac- 
charide units) linked by an acetal or a ketal linkage. If many monosaccharide units are so 
linked, the molecule is called a polysaccharide. We will provide examples and discuss the 
formation and properties of such compounds after surveying the simplest carbohydrates, the 
monosaccharides. 
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24.2 THE NATURAL OCCURRENCE OF LINEAR 
CARBOHYDRATES 


GENERAL 


Biological systems provide many examples of carbohydrates of the types listed in Table 24.1. 
Several monosaccharides of biological significance are shown in Figure 24.2 with their common 
names and classifications. In some instances the biologically occurring form is a derivative form 
of the parent carbohydrate. 


STEREOCHEMISTRY IN BIOLOGICALLY OCCURRING CARBOHYDRATES 


The structures in Figure 24.2 are drawn to emphasize an important stereochemical feature that 
is common to all but the ketotriose. Notice that each structure is oriented so that the carbon 
chain is shown vertically. Furthermore, each structure is drawn so that the carbonyl carbon is 
at the top (or as close as possible to the top) of this vertical chain. Finally, both bonds to sub- 
stituents along the chain are shown horizontially and have a direction out of the plane in which 
they are drawn. This style of depicting carbohydrate structures is standard for organic 
chemists. 

The common stereochemical feature we wish to emphasize concerns the stereogenic carbon 
atom that is furthest from the carbonyl group. For all of the molecules in Figure 24.2 (except for 
the ketotriose, which has no stereogenic carbon atom) this stereogenic carbon atom is the site 
next to the bottom of the chain. (The very bottom carbon atom is not stereogenic because it does 
not have four different groups attached to it.) Notice that in all of the molecules shown as own- 
ing stereogenic sites, the hydroxyl group attached to the bottom stereogenic carbon atom is 
drawn to the right. According to the R/S notation system, we classify this stereogenic carbon 
atom as R. Most biologically occurring carbohydrates have an R configuration at this stereocen- 
ter. We say that such carbohydrates belong to the D family of carbohydrates. If the configuration 
at this stereocenter is S, we say that the compound belongs to the L family of carbohydrates. The 
terms D and L originated from early studies of carbohydrates and indicate stereochemical rela- 
tionship to the two enantiomers of glyceraldehydes, as shown in Figure 24.3. (The R/S notation 
system was introduced long after extensive studies of carbohydrate structure and stereochem- 
istry had been performed.) The stereochemical relationship can be established by the synthesis 
of the larger carbohydrates from either D- or L-glyceraldehyde, using reactions in which no 
bonds to the original stereogenic center are broken. We will survey some of these processes later 
in this chapter. 

The dextrorotatory enantiomer of glyceraldehydes is designated D and the levorotatory 
molecule is designated L. Other carbohydrates are classified as D or L according to their cor- 
respondance in configuration at their stereocenter most distant from the carbonyl group with 
that of D- or L-glyceraldehyde. (Remember that before the 1950s chemists had not devel- 
oped the specific X-ray diffraction techniques needed to distinguish between enantiomeric 
structures, and therefore had no way of determining the actual spatial arrangements of 
groups in the dextrorotatory and levorotatory isomers. The structures of the two enantiomers 
as shown in Figure 24.3 could be confirmed only after these techniques became available.) 
The D/L notation system has remained in use for naming carbohydrates and amino acids 
(Chapter 26). 

Figure 24.4 shows the enantiomers of erythrose and ribose with their D and L labels. 
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FIGURE 24.2 Biologically occurring carbohydrates. Selected aldoses and ketoses containing 
three to seven carbon atoms are shown. D-Glucose is the most important of 
these simple carbohydrates. 


Fischer projections are often used to depict carbohydrate structures. The corresponding 
wedge and Fischer projections for D-ribose are shown in Figure 24.5. 

Almost all of the common biologically occurring carbohydrates are in the D family. This 
interesting phenomenon is the result of the biosynthetic processes for carbohydrates. These 
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FIGURE 24.3 The enantiomers of glyceraldehyde. The dextrorotatory (clockwise rotation 
of the plane of plane polarized light at the sodium D line) enantiomer of 
glyceraldehyde is the parent member of the D family of carbohydrates. 


CHO CHO 
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CH,OH CH,OH 
D-ribose L-ribose 


Figure 24.4 Classification of D and L carbohydrates. The structural feature used for the 
classification as D or L for a carbohydrate is the stereogenic center most 
distant from the carbonyl group. A carbohydrate is designated as D if the 
hydroxyl group bonded to this stereocenter is on the right in a standard 
structural representation (/.е., with the carbonyl group toward the top), while 
in the L configuration the hydroxyl group at the same position is toward 
the left. 


biosynthetic processes involve a buildup at the carbonyl end of D-glyceraldehyde. (There 
are, nevertheless, some biologically occurring carbohydrates that have the L configuration, 
but they are generally produced by secondary processes from D configuration 
carbohydrates.) 

Proving that all of the biologically occurring carbohydrates are of the D family was one of the 
triumphs of organic chemistry. This determination required the systematic degradation of each of 
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Figure 24.5 Representations of D-ribose. On the left is the wedge projection in the 
standard orientation. In the center is a Fischer projection of the same 
molecule; we understand that the horizontal bonds come out from the plane 
in which the structure is drawn, and that the vertical bonds go back and 
away from the plane in which the structure is drawn. On the right is an 
abbreviated form of the Fischer projection in which only the bonds to 
hydroxyl groups (and not those to hydrogen) are shown at the stereogenic 
carbon atoms. 


the larger carbohydrates, removing one chain carbon atom at a time until only D-glyceraldehyde 
remained. We will describe a little later how such a degradation was accomplished. 

We will also explore later the process for the sequential addition of carbon atoms to D-glyc- 
eraldehyde in syntheses leading to higher molecular weight aldoses. The structural relationships 
linking the linear aldoses of the D family are summarized in Figure 24.6. 


24.8 ALDITOLS 


Numerous chemical conversions were performed in the quest to ascertain the structures associ- 
ated with the biologically occurring carbohydrate molecules. Among these were selective 
conversions of the terminal sites, as was accomplished with the formation of the phenylhydra- 
zones. Another selective conversion accomplished at the aldehyde functionality which was quite 
informative for structure determination was reduction of the aldehyde linkage to a primary alco- 
hol functionality. 

The reduction of the carbonyl linkage of aldoses can be accomplished using a variety of 
techniques. In addition to catalytic reduction, we could quite easily use sodium borohydride in 
aqueous medium. The performance of such a reduction on an aldose affects no other portion of 
the molecule than the aldehyde, generating a product in which a single hydroxyl group is pres- 
ent on each of the carbon atoms. Such materials, known as alditols, are of significant interest 
for both the determination of structural details of aldoses, as well as for the construction of chi- 
ral reagents for complex organic syntheses. The latter of these applications we will consider in 
a later section of this chapter. 

For the moment, let us consider an intriguing aspect of alditol stereochemistry that is useful 
for both structural consideration of carbohydrates, and more generally stereochemical aspects of 
other compounds of structurally related types. 

Consider the series of aldopentoses (see Figure 24.6), of which there are eight members, four 
sets of enantiomeric pairs, individually each being optically active. Reduction of each of these, as 
shown in Figure 24.7, with sodium borohydride yields a series of alditols. Intriguingly, not all of 
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Figure 24.6 Structural relationships among the linear D-aldoses of three to six carbon 
atoms. 


these alditols are optically active. Depending on the particular set of absolute configurations for 
each set of stereogenic sites, meso alditols or an enantiomeric pair may be produced from each 
enantiomeric set of aldoses. 

The optical activity of a particular alditol is dependent on the presence or absence 
of an internal mirror plane for the molecule. With ribitol (derived from either D-ribose or 
L-ribose—it’s improper to speak of either “D-ribitol” or *L-ribitol"), this mirror plane passes 
through the central carbon atom. With meso alditols having an even number of carbon atoms, 
the mirror plane will pass through the midpoint of the central carbon-carbon bond of the 
molecule. 

In later sections of this chapter we will review the synthesis of larger carbohydrates 
from smaller ones by the introduction of one carbon atom at a time. This process can be 
used for the preparation of D-ribose and D-arabinose from D-erythrose, as is implied in 
Figure 24.6. However, a practical question arises in the fact that both will be produced 
in the synthesis starting with D-erythrose, and we need to determine which product is D- 
ribose and which is D-arabinose. (Both are optically active.) However, upon reduction of 
the aldehyde functionality, D-ribose yields an optically inactive alditol whereas D-arabi- 
nose gives an optically active alditol. Working back from this observation, we can deduce 
the structure of each of the aldopentose samples produced from the reaction sequence with 
D-erythrose. 
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FIGURE 24.7 Formation of alditols from aldopentoses. All aldopentoses are chiral and 
can be reduced to alditols. However, not all of the alditol products are 
themselves chiral. Optically inactive alditols are produced from ribose (D or 
L) as well as from xylose (D or L). This is a consequence of having several 
stereocenters, each with the same substituents attached. From a series of 
eight stereoisomers of aldopentoses, we generate a series of only six 
stereoisomeric alditols. Two are meso structures and the remainder are two 
enantiomeric pairs. The meso structures result from reduction of the 
riboses and from the xyloses, whereas the arabinoses produce an 
enantiomeric pair as do the lyxoses. The meso structures are shown 
included in rectangles, and within each rectangle the structures shown are 
identical. 
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Special Topic 


Alditol Stereochemistry 


It is a relatively simple matter to contemplate a particular aldose structure and determine if the 
derived alditol will be optically active or optically inactive. One simply needs to write the Fischer 
projection for the aldose, consider the aldehyde being reduced, and look for an internal mirror plane 
within the resultant alditol structure. 

However, we may wish to understand the stereochemical characteristics for alditols in more gen- 
eral terms, or consider structures that are related to alditols not by the presence of particular 
functional groups but by the regular occurrence of stereogenic carbon atoms. 

For alditols of the general structure shown below, we can write two equations that allow us to pre- 
dict the number of stereoisomers capable of existing, as well as the number of those that will be meso 
structures and those that will be enantiomeric pairs. 


CH, OH 
| 


(CHOH), 


| 
CH, OH 


In any system of n stereogenic sites, there is a theoretical maximum of 2” stereoisomers. Symmetry of the sys- 
tem (with regard to the nature of the several stereogenic sites) can reduce this number by some amount, owing to 
the existence of meso structures (by the presence of an internal mirror plane). 

If n is an odd number, we can calculate the number of meso structures that can exist using the 
formula 


total number of meso isomers (n = odd) = (n-1) 
and the total number of stereoisomers (meso and optically active) that actually can exist is 
total number of stereoisomers (и = odd) = (27)-(n-1) 


When n is an even number, we can also calculate the number of meso structures using the 
formula 


total number of meso isomers (n = even) = (и-2) 
and the total number of stereoisomers (meso and optically active) that can actually exist is 
total number of stereoisomers (и = even) = (2”)—(n—2) 


These relationships are useful not only for alditols, but also for compounds of the general 
structure shown below. 


Z 


| 
(СХҮ), 


| 
Z 


Such compounds as these exhibit the same stereochemical characteristics as do the common 
alditols. 
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24.4 CYCLIC FORMS OF LINEAR CARBOHYDRATES 


Сүсітс HEMIACETALS AND HEMIKETALS IN CARBOHYDRATES 


Consider again the aldopentoses. The structures shown in Figure 24.6 are polyhydroxyaldehydes. 
We see that each molecule contains an aldehyde carbonyl group and four hydroxyl groups. We 
know that aldehydes react with alcohols to form hemiacetals (Chapter 19). Is it possible that 
the aldehyde group of an aldose could undergo an intramolecular reaction with one of the 
hydroxyl groups to form a cyclic hemiacetal? We find this indeed to be the situation. As we might 
expect, intramolecular reaction leads preferentially to either five- or six-membered rings. We refer 
to the five-membered rings as furanose rings, and the six-membered rings as pyranose rings. 
Figure 24.8 shows the formation of furanose and pyranose rings from D-ribose. 

Ketoses can also form cyclic hemiketals, as is illustrated for D-fructose in Figure 24.9. 

Notice that the open-chain and the cyclic hemiacetal (hemiketal) structures are isomeric. 
No special conditions are needed to prepare the cyclic structures because the carbohydrates 
naturally prefer the cyclic form. When we work with a carbohydrate such as D-ribose, most 
of the molecules are in a cyclic form. When we dissolve a solid carbohydrate in water, some 
of the rings revert to the open-chain form. The open-chain form is present in very low 
concentration, but we can still observe some of the classical reactions resulting from the 
presence of the simple carbonyl group, for example, the Tollens' reagent reaction with 
aldehydes. However, less reactive reagents such as bisulfite give no reaction with aldoses 
because at equilibrium there is an insufficient amount of the open-chain form to give 
reaction. 


THe ANOMERIC FORMS OF CARBOHYDRATES 


If you have studied in detail the hemiacetal and hemiketal structures we have thus far drawn, you 
may have realized that the cyclization of the open-chain form produces a new stereogenic site. 
If you did not notice this or are unsure how the new stereogenic center is formed, consider 
Figure 24.8 again. Notice that while the carbonyl carbon is not a stereogenic site in the open- 
chain form, it becomes stereogenic in the cyclic form—there are four unlike different groups 
attached to it. In fact, the carbonyl carbon atom is a prochiral center (see Chapter 10 for a dis- 
cussion of prochirality) since it becomes stereogenic upon addition of a new group. Two 
diastereoisomers result from the addition of the hydroxyl oxygen to different faces of the car- 
bonyl group, as is illustrated in Figure 24.10. 

Now, consider the formation of a furanose hemiacetal from the open-chain form of D-ribose. 
Two possible structures can result, because the aldehyde site is prochiral. Since the D-ribose 
molecule contains stereogenic centers, the two possible structures are diastereoisomers rather 
than enantiomers. We refer to diastereoisomers related in this was as anomers and to the carbon 
that is the source of this stereoisomerism as an anomeric carbon atom. The generation of the 
furanose anomers of D-ribose is illustrated in Figure 24.11. 

Very often we adopt a standard form (known as a Haworth projection) for depicting cyclic 
anomers. This form is illustrated for the two furanose anomers of D-ribose in Figure 24.12. 

We differentiate the anomers by using a prefix to the name to indicate the direction of the 
anomeric hydroxyl in the standard view. If the hydroxyl is down in the standard view, we refer 
to the anomer as the &-anomer. The апотег in which the hydroxyl is up in the standard view is 
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FIGURE 24.8 Cyclic hemiacetal formation from D-ribose. A five-membered hemiacetal is 
referred to as a furanose structure after the five-membered cyclic ether furan 
(see Figure 14.3). A six-membered hemiacetal is referred to as a pyranose 
structure after the six-membered cyclic ether, pyran (also shown in Figure 
14.3). The closure and opening of the hemiacetal ring occurs under all 


conditions of pH. The reaction is shown under neutral conditions. 
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D-fructose open-chain structure 


D-fructose in a furanose 
hemiketal structure 


FIGURE 24.9 Furanose hemiketal formation with D-fructose. 


the B-anomer. To specify the compounds shown in Figure 24.12 completely, we also indicate 
the size of the ring using the furanose/pyranose designation. Thus, the complete name of the first 
compound shown in Figure 24.12 is B-D-ribofuranose, and that of its anomer, shown at the bot- 
tom, is &-D-ribofuranose. 

As you might expect by analogy with cyclohexane derivatives (Chapter 13), carbohy- 
drates with a pyranose ring adopt chair conformations. Taking into account the equatorial 
and axial positions of substituents about a pyranose ring enables us to evaluate the relative 
stabilities and reactivities of anomers. Consider, for example, the œ- апа В-апотегѕ of 
D-glucopyranose. While the B-anomer can adopt a conformation in which all of the larger 
groups occupy equatorial positions, the o-anomer can not до so. In the o-anomer the 
hydroxyl group at the C-1 position (the anomeric carbon site) must occupy an axial position 
if the other large groups are to occupy equatorial positions. These conformations are shown 
in Figure 24.13. 


EQUILIBRIA OF ANOMERIC FORMS 


The structures we have drawn for the anomeric forms of simple carbohydrates are hemiacetals 
and hemiketals. We recall from our discussion of the chemistry of carbonyl compounds 
(Chapter 19) that hemiacetals and hemiketals are labile in aqueous solution at all pH values. 
Thus, for a given carbohydrate in aqueous solution, the open-chain form and all of its cyclic 
hemiacetal (or hemiketal) forms are in dynamic equilibrium. Although one particular structure 
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FIGURE 24.10 A prochiral carbonyl center. The carbonyl group is planar and in itself is 
not stereogenic. However, it is prochiral as long as the substituents A and 
B are not identical. In such an instance, the two faces of the group are not 
identical, as shown at the top of the diagram. Viewed on one face, A, B, 
and the oxygen are arrayed in a clockwise order about the carbon. When 
viewed on the opposite face the arrangement of A, B, and the oxygen is 
counterclockwise. When a new group adds to the carbonyl carbon atom, 
addition to each of the two different faces generates stereoisomers. If A 
and B do not contain any stereogenic centers, these stereoisomers are 
enantiomers. If A and/or B contain one or more stereogenic sites, the 
resultant adducts are diastereoisomers. 


often dominates at a given pH and temperature, it does not exist to the total exclusion of the 
alternative forms. Figure 24.14 illustrates the dynamic equilibrium of the open-chain, pyranose, 
and furanose forms of D-glucose. 

When crystals of o--D-glucopyranose are dissolved in water and the specific rotation of 
the solution is measured, we initially find it to have a value of +112°. However, the value of the 
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FIGURE 24.11 


FIGURE 24.12 


Formation of the pair of furanose anomers of D-ribose. Each of the 
anomers contains four stereogenic centers. Three of these centers (the 
original three of the open-chain D-ribose) have the same configuration in 
the two structures, but the fourth (the anomeric center) is different. The 
structures are diastereoisomeric. 


OH OH OH OH 
HOCH, О HOCH, О 
L————» 
| js OH 
OH OH OH OH 


Standard representations of the furanose anomers of D-ribose. In the 
standard view (for all D-carbohydrates) the oxygen of the ring is located in 
the back and the anomeric carbon is shown on the right, as is clearly seen 
with the structures shown on the left side. When using structures like 
those shown on the right side (Haworth projections), we understand that 
the direction of the bonds relative to the plane of the paper is as shown on 
the left side. 


962 ORGANIC CHEMISTRY 


HO 
О о-апотег OH 
O 
cc HO 
OH H 
HO 
HO OH 
EH OH 
OH 
HO 
OH 
О он В-апотег О 
НО 
ОН L—» во ОН 
HO OH 
H 
OH 


FIGURE 24.13 Chair conformations of a- and p-D-glucopyranose. 


specific rotation decreases with time, first rapidly, and then more slowly, until it becomes con- 
stant at +53°. If we start with a fresh solution prepared from crystals of B-D-glucopyranose, the 
initial specific rotation is +19°. With time the specific rotation of this solution increases, 
eventually reaching the same constant value (4-53?) as that reached by the solution of the o--D- 
glucopyranose. This phenomenon is observed with many carbohydrates and is known as 
mutarotation. It involves the establishment of a dynamic equilibrium of all of the possible 
forms of the carbohydrate in solution; the observed specific rotation is the weighted average for 
all of the species present. 


GLYCOSIDES 


The cyclic forms of carbohydrates we have seen so far have all been hemiacetals or hemiketals. 
Glycosides are carbohydrate derivatives in which the anomeric carbon is bound in a full acetal 
or ketal linkage. We say that such compounds contain a glycosidic linkage. 

In our earlier discussion of carbonyl chemistry (Chapter 19) we pointed out that formation 
of a full acetal (or ketal) requires the interaction of two hydroxyl groups with the carbonyl car- 
bon, along with the loss of the elements of water. In a glycoside, one of these hydroxyl groups 
is provided intramolecularly (as in the cyclic hemiacetal or hemiketal form) and the second one 
comes from another molecule. The general structures of glycosides of D-glucose are shown in 
Figure 24.15. The R group in Figure 24.15 can be a simple alkyl group (such as methyl), or 
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FIGURE 24.14 Dynamic equilibrium of the forms of D-glucose. The interconversion of all 
cyclic hemiacetal forms proceeds through the open-chain form. 


something significantly more complex. With К = —CHs, the glycosides in Figure 24.15 аге 
methyl o--D-glucopyranoside (24.1) and methyl D-D-glucopyranoside (24.2). 

To name the glycosides, we use the name of the parent carbohydrate (with its configurational 
and anomeric designations) but change the -ose ending to -oside. We then add as a prefix the 
name of the alkyl group forming the glycoside. 

The source of the second hydroxyl group of the glycosidic linkage is often more complex 
than the simple alcohols thus far indicated. Of particular significance are structures in which the 
second hydroxyl group originates in another carbohydrate molecule. Such substances are disac- 
charides, whose structure and chemistry will be discussed later in this chapter. 
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FIGURE 24.15 General structures of six-membered-rings of D-glucose. The compounds 
shown are both acetals. 
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Like ordinary acetal and ketals, glycosides form by the reaction of the hemiacetal (or 
hemiketal) form of the carbohydrate with an alcohol under conditions of acid catalysis. The 
mechanism of this formation is illustrated for methyl B-ribofuranoside. This reaction is com- 
pletely reversible. It should be noted that both a- and B-anomers can form from the same 
cationic intermediate. Which anomer is actually isolated is dependent on the specific reaction 
conditions and needs to be determined experimentally for any given glycoside. 

Glycoside formation reactions occur strictly at the anomeric site of the carbohydrate. To syn- 
thesize glycosides of this type, we force the equilibrium toward the desired product either by 
using a large excess of the alcohol, or by removing the by-product of the reaction (water) as it 
is formed. 

The relative stabilities of о- and B-anomers of pyranosides are interesting. The anomer hav- 
ing the exocyclic (outside the ring) oxygen in an axial position is found to be more stable than 
the anomer in which it is in an equatorial position. For example, methyl o-D-glucopyranoside 
is thermodynamically more stable than is methyl B-D-glucopyranoside. This order is, of 
course, opposite of the order we would anticipate based on the usual preference of the larger 
group on a six-membered ring for an equatorial position. This unusual situation, in which a 
substituent favors an axial position over an equatorial one, is known as the anomeric effect. 

Glycosidic linkages join the monosaccharide units of disaccharides and polysaccharides. We 
have seen that a glycosidic linkage results from the interaction of two molecules, one being a 
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Acid-Catalyzed Glycoside Formation 
Step 1 Protonation of the C-1 hydroxyl group 


HO HO 4 
H* 
> 
<u — 
H H 
OH OH OH OH 


Step 2 Loss of water to form a resonance-stabilized cation 
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o OH, О О 
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29 H H 
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Step 3 Nucleophilic attack by methanol. 
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Step 4 Loss of a proton 
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Molecular Orbital Analysis 


The Anomeric Effect 


We normally anticipate that substituents bulkier than hydrogen, if at all possible, will occupy pref- 
erentially equatorial positions about six-membered rings. Thus, the anomeric effect is an anomaly. 
There must be some factor that either stabilizes the substituent when it is in an axial position, or 
destabilizes it when it is in an equatorial position. One explanation for this anomaly derives from 
consideration of the molecular orbitals involved. 

When a polar substituent is singly bound to carbon, the major lobe of the 6% orbital lies behind 
the carbon atom on the side opposite the attached electronegative atom. When the polar substituent 
is in an axial position at an anomeric carbon, the major lobe of the empty O* orbital is in an excel- 
lent position for interaction with the full nonbonding orbital of the ring oxygen. This interaction 
between the empty and full orbitals leads to a stabilization of the system. If the substituent were 
located in an equatorial position, the 6% and nonbonding orbitals would not have a relative orienta- 
tion suitable for interaction. Thus, the axial orientation of a polar substituent at the anomeric position 
has a particular stabilizing factor. The orbital orientations and interaction are illustrated below. 


full nonbonding 
orbital on ring oxygen 


full and empty orbitals 
aligned for interaction 


empty antibonding 
orbital of C-O bond 


full nonbonding 
orbital on ring oxygen 


no viable interaction 
of these orbitals 


empty antibonding 
orbital of C-O bond 
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acetal carbon 


H H OH hemiacetal 


С linkage 
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maltose 


FicuRE 24.16 А glycosidic linkage between two monosaccharide units. Тһе 
monosaccharide unit on the left uses its anomeric carbon, and that on the 
right uses its 4-position hydroxyl to form the glycosidic linkage. This 
disaccharide is maltose. Notice that the monosaccharide unit on the right 
has a hemiacetal linkage at its anomeric carbon. It could serve as a 
component of a glycosidic linkage to a third monosaccharide unit in a 
trisaccharide or a polysaccharide. 


carbohydrate with a hemiacetal (hemiketal) site at an anomeric carbon atom, and the other being 
an alcohol molecule. A disaccharide forms when the needed alcohol group is provided by one 
monosaccharide and the anomeric carbon site by another. An example of a disaccharide 
(maltose) is shown in Figure 24.16. 


REACTIVITY OF GLYCOSIDIC LINKAGES 


All of the steps of the acid-catalyzed formation of a glycoside are equilibria, just as they are for 
the formation of any other acetal or ketal. Thus, the overall transformation is fully reversible. 
Accordingly, we can displace the overall equilibrium to the free carbohydrate side by using a 
large excess of water. A glycoside can therefore be hydrolyzed to its carbohydrate and alcohol 
components by treatment with an excess of water in the presence of an acid. 

However, glycosides are inert toward aqueous base (typical behavior for acetals and ketals). 
Notice the contrast between the behavior of a glycoside and that of the parent carbohydrate in 
its cyclic hemiacetal form, which is dynamically labile at ай aqueous pH values. Thus, we can 
perform synthetic manipulations on glycosides under basic conditions without disturbing the 
glycosidic linkage. (We will see examples of such manipulations in later sections.) 


24.5 SYNTHESIS, REACTIONS, AND DEGRADATIONS OF 
CARBOHYDRATES 


GENERAL 


Carbohydrate chemistry has a rich history. From both structural determinations and synthetic 
efforts, organic chemists have developed numerous important techniques, procedures, and think- 
ing processes that can be applied to carbohydrates. In this section we will survey some of these. 
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Our discussion will draw upon and enhance our earlier studies of stereochemistry and will 
provide a basis for the application of carbohydrate chemistry to current problems in organic 
chemistry. 


THe KILIANI-FISCHER SYNTHESIS 


The Kiliani-Fischer synthesis is a sequence of reactions for increasing the number of carbon 
atoms in a carbohydrate by one. Figure 24.17 shows how D-glyceraldehyde can be converted to 
D-erythrose and D-threose by the Kiliani-Fischer method. The procedure involves two stages. 
First, the starting carbohydrate (here, D-glyceraldehyde) is converted to a diastereoisomeric 
mixture of cyanohydrins. After the diastereoisomers are separated, the cyano group of each is 
converted to an aldehyde group. 


D€GRADATIONS OF CARBOHYDRATES 


General The Kiliani-Fischer synthesis is a method for ascending the carbohydrate series, 
i.e., increasing the chain length. Methods have also been devised for descending the series, that 
is, decreasing the number of carbon atoms in a carbohydrate molecule. Both methods are use- 
ful, and with them the structures of the entire range of aldoses can be related. 
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Figure 24.17 The Kiliani-Fischer method applied to the conversion of D-glyceraldehyde to 
aldotetroses. Notice that the D-stereochemistry is preserved throughout the 
sequence. 
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The Wohl Degradation The series of reactions known as the Wohl degradation is a 
four-step procedure. It begins with the treatment of an aldose with hydroxylamine (H,NOH) to 
produce an oxime. The oxime is then allowed to react with an excess of acetic anhydride, which 
causes dehydration of the oxime to a nitrile. It also converts all hydroxyl groups in the carbo- 
hydrate molecule to acetates. These two steps of the Wohl degradation, beginning with 
D-xylose, are illustrated in Figure 24.18. 

Following the dehydration reaction, the acetate ester linkages are converted to free hydroxyl 
groups by treatment with an excess of ammonia. The two products of this reaction are acetamide 
and the cyanohydrin of the aldotetrose, D-threose. Finally, D-threose is produced by a reversal 
of the normal cyanohydrin-formation reaction. Treatment of the cyanohydrin with silver oxide 
precipitates silver cyanide and silver hydroxide, leaving D-threose. These two steps are shown 
in Figure 24.19. 

The cyanohydrin decomposition merits comment. In Section 19.10 we discussed cyanohy- 
drin formation as an equilibrium process. Knowing this, we can predict that if cyanide ion is 
removed from the reaction system, the equilibrium will shift toward the free carbonyl side. In 
the final reaction of Figure 24.19, the addition of silver ion causes cyanide to be removed from 
the cyanohydrin as insoluble silver cyanide. 

This type of systematic degradation of the carbohydrate molecule has been of great utility in 
establishing the D-configuration of biological carbohydrates. Sequential degradations of higher 
aldoses eventually lead to glyceraldehydes. Comparisons of the glyceraldehydes isolated in 
these processes with that from biological systems (assigned the D-configuration) leads to the 
conclusion that all have the same configuration about the stereogenic center most distant from 
the carbonyl group. 


The Ruff Degradation An alternative to the Wohl degradation is the Ruff degradation, 
which accomplishes the same end with a different set of reagents. The Ruff degradation also pro- 
ceeds in four steps. It begins with a controlled oxidation of the aldehyde group of an aldose to 
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FIGURE 24.18 Тһе first two steps іп the Wohl degradation of D-xylose. In the first step, the 
free carbonyl group is converted to an oxime. Once this is accomplished, 
acetic anhydride is used to dehydrate the oxime to a nitrile. The hydroxyl 
groups are also converted to ester linkages, a process that must be reversed 
in the remainder of the degradation process. (The AcO- group is the acetate 
group, СНзС(О)-О-.) 
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FIGURE 24.19 Completion of the Wohl degradation. The reaction of the tetraacetate with 
excess ammonia is an ester-to-amide conversion of the type discussed in 
Chapter 22. The final reaction (with Ад;0) brings about the decomposition 
of a cyanohydrin. 


a carboxylic acid using bromine in water, followed by conversion of the free acid to the calcium 
salt using calcium carbonate. These two steps are illustrated in Figure 24.20 for the conversion 
of D-threose to D-glyceraldehyde. When treated with a ferric salt and hydrogen peroxide, the 
secondary hydroxyl group adjacent to the carboxylate anion becomes oxidized to a ketone (see 
Figure 24.21). On acidification and heating, the free acid undergoes decarboxylation facilitated 
by the B-hydroxyl group, as shown in Figure 24.21. 


ESTER FORMATION 


The hydroxyl groups of carbohydrates are of two types. While most are of the normal alcohol 
type, some (those bonded to an anomeric carbon) are part of a hemiacetal or hemiketal function. 
The two types of hydroxyl groups behave differently with some reagents and similarly with 
others. (We have already seem some examples of this difference.) 

We can esterify all of the hydroxyl groups of carbohydrates by the usual methods. The most 
common types of ester derivatives are acetates. To prepare acetates we usually treat the carbo- 
hydrate with acetic anhydride and a basic catalyst, as is illustrated in Figure 24.22 for reaction 
involving D-glucose. 

Consider the sequence of reactions shown in Figure 24.23. The starting compound is a 
methyl glycoside. The glycoside ring is unaffected by treatment with acetic anhydride, but all of 
the hydroxyl groups are acylated. When the acylated glycoside is treated with cold, dilute aque- 
ous acid, the highly sensitive glycoside (acetal) linkage is hydrolyzed, but the acetate ester 
groups remain intact. (Refluxing with aqueous acid is required to hydrolyze them.) The final 
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FIGURE 24.20 The first two steps of the Ruff degradation of D-threose. A mild oxidation 
using bromine in water converts the aldehyde function to a carboxylic acid. 
Then, the free acid is converted to a calcium salt using calcium carbonate. 
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FIGURE 24.21 Completion of the Ruff degradation of D-threose. Overall, one carbon atom 
has been removed from the carbonyl terminus of the aldose. The position 
originally adjacent to the carbonyl group becomes the carbonyl carbon atom 
of the product. The stereochemistry about the other original stereogenic 
centers is maintained throughout the reaction sequence. 


Ac зор AcO 
pyridine 


FIGURE 24.22 Conversion of B-D-glucopyranose to a pentaacetate. [}-0-СІисоругапоѕе is 
converted to a pentaacetate by treatment with acetic anhydride in pyridine 
at 0°C. 
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FIGURE 24.23 Acylation and ring opening of a glycoside. The position of the free hydroxyl 
group in the open-chain structure reflects the ring size of the original structure. 


product has three acetate groups and one free hydroxyl group. The position of the free hydroxyl 
group reflects the size of the initial ring. The reaction started with a furanose ring, so the free 
hydroxyl group is at the fourth carbon atom of the chain. If the initial ring had six members (a 
pyranose system), the free hydroxyl group would have been at the fifth carbon atom of the chain. 
Thus, if we are working with a ring of unknown size, we can perform a series of reactions like 
those shown in Figure 24.23 to help us to determine the ring size. 


ETHER FORMATION 


The different types of hydroxyl groups of a carbohydrate differ greatly in their ease of conversion 
to alkoxy groups. As we have seen, a hemiacetal hydroxyl group is easily converted to a full acetal 
alkoxy group (і.е., a glycosidic linkage) by refluxing with an alcohol and an anhydrous acid 
catalyst. However, ordinary alcohol hydroxyl groups are unaffected under these conditions—they 
are not converted into ether linkages by treatment with an alcohol and anhydrous acid. However, 
they can be converted into ethers using the Williamson method. 

The structural determination of carbohydrates has often depended on their methyl ethers. To 
prepare such methyl ethers the carbohydrate is treated with base (usually sodium hydroxide) and 
a methylating agent. The base converts the weakly nucleophilic hydroxyl groups to strongly 
nucleophilic alkoxide groups. The methylating agent can be any convenient reagent that has a 
good leaving group attached to a methyl group. Iodomethane and dimethyl sulfate are reagents 
that are commonly used. (For syntheses involving carbohydrates as reagents, other ether 
reagents are often more convenient than methyl.) 

In such ether-forming reactions we must be careful to protect the anomeric carbon site. 
Generally, this is done by transforming the site into a glycosidic linkage. This protection is 
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necessary because the hemiacetal is in equilibrium with the open-chain structure which is reactive 
under the basic conditions required for the ether-forming reactions (see Section 24.3). 
Figure 24.24 shows a reaction sequence that converts the hydroxyl groups of D-ribose to methyl 
ether linkages. Notice how the anomeric position is protected, and note that the position of the 
free hydroxyl group in the final open-chain structure reflects the size of the ring in the starting 
material. 

The ether derivatives of carbohydrates are named by designating the oxygen of the carbon at 
which the ether linkage is located. For example, the final product of the sequence of reactions 
shown in Figure 24.24 is named 2,3,5-tri-O-methyl-D-ribose. When an alkyl group is part of the 
glycosidic linkage, we precede the fundamental name of the carbohydrate with the name of the 
alkyl group. For example, the third structure in the reaction sequence in Figure 24.24 is named 
methyl 2,3,5-tri-O-methyl-o-D-ribofuranoside. 


OSAZONE FORMATION 


Carbohydrates undergo many reactions typical of ordinary aldehydes and ketones. Among 
these is the reaction with primary amines to form imines, as discussed in Chapter 19. We 


HO HO 
O O 
CH30H 
— > 
OH anhydrous OCH; 
acid catalyst 
OH OH OH OH 
(CH30),SO, 
aqueous NaOH 
пи 
O 
H =C ОСН; Е 


aqueous 
CH;OCH; acid 
CH,0 OCH, 


FIGURE 24.24 Methylation of a glycoside. This sequence of reactions illustrates the 
significant differences among the chemical nature expressed by the 
different hydroxyl groups in carbohydrates. In the first reaction the hydroxyl 
group at the anomeric position is methylated by treatment with methanol 
under conditions of acid catalysis. The remaining hydroxyl groups are 
unaffected by this treatment. However, these other hydroxyl groups are 
methylated on treatment with base and dimethyl sulfate (the Williamson 
method). Finally, treatment with dilute mineral acid cleaves the glycosidic 
linkage but leaves the ordinary ether linkages intact. 
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saw an example of this type of reaction in the Wohl degradation with the formation of an 
oxime from an aldose. As a further example, aldoses react with phenylhydrazine under 
conditions of acid catalysis to yield phenylhydrazones, as illustrated in Figure 24.25. In 
the presence of excess phenylhydrazine, the initially formed phenylhydrazone undergoes 
an oxidation at the site adjacent to the first reaction, and the carbonyl group thus generated 
reacts again with phyenylhydrazine. The product of this double reaction with phenylhy- 
drazine is known as an osazone. Once formed, the osazone generally precipitates from 
solution and no further reaction occurs. Osazone formation with D-ribose is illustrated in 
Figure 24.26. 

Osazones have played a significant role in the history of carbohydrate chemistry. One of 
their principal uses was in the determination of the stereochemical relationships among carbo- 
hydrates. For example, of the aldohexoses, only D-mannose forms the same osazone as does 
D-glucose. This observation allowed early investigators to establish that these two aldohexoses 
differ only in their stereochemistry at the second carbon atom of the chain, as is illustrated in 
Figure 24.27. 


CONTROLLED OXIDATIONS OF CARBOHYDRATES AND THEIR DERIVATIVES 


Mild Oxidation The two most easily oxidized groups in aldoses are the aldehyde group 
and the primary alcohol group. We can oxidize both of these groups using dilute nitric acid, or 
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FIGURE 24.25 Phenylhydrazone formation from D-ribose. 
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FicuRE 24.26 Osazone formation from D-ribose. 
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Figure 24.27 Osazone formation from D-glucose and D-mannose. D-Glucose and D- 
mannose form the same osazone. This observation allowed early 
investigators to infer that the parent carbohydrates must differ only in their 
stereochemistry at the second atom of the chain. 


we can oxidize only the aldehyde group using one of several reagents, such as molecular 
bromine in an aqueous solution buffered to a pH of —5.5. (Although we are accustomed to using 
bromine as a brominating agent, we should always remember that it also is an oxidizing agent, 
as are the other halogens.) These reactions are summarized in Figure 24.28. 

It is also possible to oxidize the aldehyde group of aldoses with Tollens' reagent (silver 
nitrate in aqueous ammonia), Fehling's solution (cupric tartrate in aqueous solution), or 
Benedict's reagent (a cupric salt in aqueous sodium citrate). All three of these are used to pro- 
vide revealing visual tests for what are known as reducing sugars. In each instance the sugar 
(carbohydrate) reduces the metal ion of the test reagent. A reducing sugar is defined as one that 
gives a positive test with these reagents (i.e., one that is easily oxidized by mild reagents). These 
tests are summarized as follows: 


* Tollens' Test —The carbohydrate is treated with silver nitrate in aqueous ammonia. The 
diamminesilver(I) ion [Ag(NH3);]* is present in this solution and serves as the oxidiz- 
ing species. If the carbohydrate is a reducing sugar, the silver(I) species is reduced to 
metallic silver (Ag?), which appears as a shiny, silver mirror on the inside of the test 
vessel. 


+ Fehling’s and Benedict's Tests—The carbohydrate is mixed with a cupric salt (Си?) in 
the presence of tartrate or citrate ion. The cupric ion serves as the oxidizing agent. If the 
carbohydrate 15 a reducing sugar, the copper(II) is reduced to copper(I). A red precipitate 
of Со forms, constituting the positive test for a reducing sugar. Test kits for sugar in 
urine are based on Benedict's reagent. 


What kinds of sugars are reducing sugars? First, we can say that all aldoses are reducing 
sugars since they contain an aldehyde group. You might be skeptical of this general rule, 
since you have learned that aldoses exist principally in the cyclic hemiacetal form. However, 
since the cyclized hemiacetal and the open-chain forms of aldoses are in dynamic equilib- 
rium over the whole pH range, the equilibrium can shift to generate more free aldehyde as 
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FiGURE 24.28 Oxidation of aldoses to aldaric and aldonic acids. 


the small amount initially present is oxidized. Thus, there is always free aldehyde form pres- 
ent to be oxidized and allow a positive test to occur. In contrast, if a ring can not open to the 
open-chain free aldehyde form, it can not give a positive test with these reagents. For 
example, methyl glycosides of monosaccharides do not give a positive test as a reducing 
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sugar with these reagents. The full acetal linkage in such compounds does not open in neu- 
tral or basic aqueous solution and thus no free aldehyde can be generated under the reaction 
conditions. 

The situation with ketoses is not as simple as with aldoses. We might anticipate that ketoses 
would not be reducing sugars since ketones are generally inert toward even strong oxidizing 
agents. However, simple ketoses such as fructose are reducing sugars—they give a positive 
reaction with the noted test reagents. How can this be? To understand this phenomenon we 
must consider the reactions that a ketose such as D-fructose can undergo in aqueous basic 
solution. 

Consider D-fructose in aqueous basic solution as our stereotypical example. In such a 
solution an equilibrium is established involving the free ketone and an enolate anion, just as 
it would be for other aliphatic carbonyl compounds placed in a basic solution. Other 
acid/base equilibria are also established. The equilibrium of significance for our present dis- 
cussion is shown in Figure 24.29. Proceeding through an enediol intermediate species, 
D-fructose is equilibrated with D-glucose and D-mannose, and these aldoses are in fact 
responsible for the positive test for D-fructose being a reducing sugar with mild oxidizing 
reagents. 

Periodate Oxidation of Glycosides If we add periodate ion (IO4) to compounds con- 
taining two or more hydroxyl or carbonyl groups attached to adjacent carbon atoms, an 
oxidative cleavage occurs. The carbon-carbon bond linking these adjacent centers is broken, 
and the level of oxidation of each of these carbon atoms increases. This cleavage is illustrated 
in Figure 24.30. 

The presence of either a hydroxyl group or a carbonyl group at each carbon of a carbohy- 
drate makes it a candidate for extensive oxidation by periodate ion. By careful performance of 
the periodate oxidation (that is, by measuring the amount of periodate consumed and the amount 
of each product formed), we can use this reaction for a degradative structural analysis of a 
carbohydrate substrate. 

Although simple carbohydrates are oxidized by periodate, in practice we commonly use the 
reaction only with glycosides. Periodate oxidation of a simple carbohydrate tells us only if the 
carbohydrate is an aldose or a ketose and how many carbon atoms are present. With a glycoside 
we can also determine the size of the ring, and often we can deduce whether the glycoside is 
derived from a D- or L-carbohydrate. 

Consider the periodate oxidation of a simple glycoside to demonstrate the analytical utility 
of the reaction. The complete (quantitative) oxidation of methyl o-D-ribofuranoside by 
periodate followed by acid work-up is shown in Figure 24.31. The three fragments tell us that 
the substrate was a D-carbohydrate derivative, that it was a methyl glycoside, and that it was 
an aldopentose. Only one equivalent of periodate was consumed, indicating that only one car- 
bon-carbon bond was cleaved. The D-glyceraldehyde product results from the third, fourth, and 
fifth carbon atoms of the substrate, and the glyoxal results from the first and second carbon 
atoms. 

The periodate oxidation does nof tell us certain points about the structure of the substrate. 
These points involve the stereochemistry at the carbon atoms that are oxidized. Specifically, 
we learn nothing about the stereochemistry of the anomeric carbon or the second and third car- 
bons of the substrate. Either an © ог B-glycoside of any D-aldopentose would yield the same 
products. 
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Step 1. Formation of the enolate anion 
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Step 2. Formation of the enediol 
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Step 3. Keto-enol tautomerism 


CHO- CHO CHO 
| | | 
с—он H—C—OH  Ho—c—H 
| | | 

HO—C—H НО  go—c—H Но--С--н 

— 
| а | | 
H—C—O0H H—C—O0H Н--С--ОН 
| 
H—C—0H Н--С--ОН Н--С--ОН 
| | | 
CH,OH CH,OH CH,OH 


FIGURE 24.29 


D-glucose D-mannose 


Isomerization of D-fructose to a pair of aldoses in aqueous base. D-Fructose 
gives a positive test as a reducing sugar because it is isomerized to a pair of 
aldoses under the test conditions. The equilibrium proceeds through an 
intermediate enediol in which hydroxyl groups are attached to each of a pair 
of doubly bound carbon atoms. 
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Figure 24.30 Cleavage of carbon-carbon bonds by periodate ion. The cleavage of а 
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FIGURE 24.31 


CH,0H + OHC-CHO 


methanol glyoxal 


|“ 
+ Н---С---ОН 
CH,OH 


D-glyceraldehyde 


Periodate oxidation of methyl a-D-ribofuranoside. The oxidation is allowed 
to go to completion prior to the addition of acid. The substrate has only one 
site for oxidation by periodate—the carbon-carbon bond between the 
second and third carbon atoms. No other adjacent pair of carbon atoms 
bears free hydroxyl or carbonyl groups. After acid workup, some products 
have adjacent carbons bearing free hydroxyl or carbonyl groups, but at this 
stage periodate is no longer present to oxidize such linkages. 
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Special Topic 


A Carbohydrate Derivative as a Phosphorylating Agent 


A variety of species containing anhydride linkages involving phosphorus centered acids serve in bio- 
logical systems for the generation of phosphate esters (see Chapters 28 and 31). These materials 
generally involve enzymes as catalysts for the phosphorylation process, and, in some instances (but 
not always), involve the highly reactive anhydride linkage associated with a carbohydrate derivative. 
Recently there has been uncovered a phosphorus anhydride species directly related to a carbohydrate 
that serves for the formation of phosphate esters even in the absence of enzyme catalysts. It’s detailed 
role in biological processes is still being explored. 

In our discussion of carbohydrates we have concentrated our attention on linear carbohydrates, 
considering their cyclic forms as derivative structures. However, carbohydrates also exist in biolog- 
ical systems that bear carbocyclic structures. A particularly significant example of such is inositol, 
shown below (СеН 1206). It has been noted that the diphosphoinositol pentakisphosphate (known 
briefly аз ЇР»), also shown below, is produced by enzymatic processes in biological systems апа 
serves to phosphorylate free hydroxyl groups on a variety of biomolecules. Details of the role of IP7 
in biological systems are currently being investigated. 


~HO3PO 
HO ОРОҘН” _ 
НО OPOjH o- 

ОН о | 

OPOSH | 

OH 
inositol diphosphoinositol pentakisphosphate 
IP; 


24.6 APPLICATIONS OF CARBOHYDRATE CHEMISTRY 
TO ORGANIC SYNTHESIS 


GENERAL 


When chemists first began the systematic study of carbohydrates and their derivatives, the main 
topics of interest were the determination of the structures of the different carbohydrates, and the 
deveopment of the methods for their synthesis. With these goals firmly accomplished, the inter- 
est of organic chemists regarding carbohydrates has turned in more recent years in other 
directions. One area that has become particularly significant is the use of carbohydrates as 
reagents for the synthesis of other organic compounds. Since, in general, carbohydrates bear 
several stereogenic centers and are isolable in pure form from biological sources, they can be 
important starting materials for the syntheses of other complex compounds that also contain one 
or more stereogenic centers. 

In this section we will look at an example in which a carbohydrate is used for this 
purpose. In Chapter 29 we will consider another example of the use of a carbohydrate as a 
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chiral starting material for the synthesis of a complex organic molecule related to a nucleo- 
side. This area is an ongoing field of endeavor for organic chemists; it involves the 
development not only of new syntheses, but also of new reagents and new methods for syn- 
theses. 


MANNITOL AS A CHIRAL STARTING MATERIAL FOR ORGANIC SYNTHESES 


The Source of the Chiral Reagent If we reduce the carbonyl group of D-mannose by 
catalytic hydrogenation or some other method, we obtain the hexahydroxy species D-mannitol 
(24.3). (D-Mannitol also may be obtained from numerous biological sources, such as manna and 
seaweed.) D-Mannitol is thus readily available to organic chemists. 


CH,0H 
HO H 
HO H 
H OH 
H OH 
CH,0H 
D-mannitol 
24.3 


The structure of D-mannitol is intriguing in that the upper and lower halves (as viewed in 
24.3) have a relationship analogous to that of the two arms of a single-bladed propellor. We can 
see this relationship in the IUPAC name for the material, (2R,3R,4R,5R)-1,2,3,4,5,6-hexahy- 
droxyhexane. If we could chemically cut this molecule in the center, between the third and 
fourth carbon atoms, we would have two stereochemically identical halves. 

In fact, we can cleave the D-mannitol molecule in this way. We obtain from one equivalent 
of D-mannitol two equivalents of an important reagent bearing a single stereogenic center and 
having stereochemical purity identical to that of the biologically occurring starting material. We 
accomplish the cleavage by first treating D-mannitol with acetone in the presence of an acid cat- 
alyst. Under the proper conditions, this procedure binds four of the hydroxyl groups into a pair 
of ketal linkages, as shown in Equation 24.1. (Recall the formation of ketals from Chapter 19.) 
The ketal linkages formed between acetone and the hydroxyls on adjacent carbon atoms are 
known as acetonide linkages, isopropylidene linkages, or more rigorously, as 2,2-dimethyldiox- 
olanes. (Other ketal products can be obtained from D-mannitol and acetone using modified 
reaction conditions.) 

We refer to the product in Equation 24.1 as D-mannitol diacetonide, or, more correctly, as 
1,2:5,6-di-O-isopropylidene-D-mannitol. It contains a pair of hydroxyl groups on adjacent (the 
third and fourth) carbon atoms, leaving the carbon-carbon bond between these atoms suscepti- 
ble to cleavage by reagents such as periodate. The cleavage of this linkage yields two identical 
halves, as shown in Equation 24.2. 
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НС о 
CH,OH “ен, 
НЗС 
но H excess О H 
HO H (СНз)» C=O HO H 
— 
H OH ZnCly H OH 
H OH H О сн 
CH;OH cmo Уу 
CH; 
49% yield (Eq. 24.1) 
Н.С О 
“ен, 
НС бон Нс o 
NalO, 
HO H РА. , KC CH, 
H OH НС со H 
H O CH; CHO 
CH о 97% yield 
CH3 (Eq. 24.2) 


You should recognize the product in Equation 24.2 as the acetonide derivative of D-glycer- 
aldehyde. (Its preparation from D-mannitol is more efficient than from D-glyceraldehyde itself. 
D-Glyceraldehyde in pure form dimerizes rapidly and is thus difficult to use in syntheses. The 
acetonide of D-glyceraldehyde also polymerizes when pure and therefore must be kept in solu- 
tion and used quickly after preparation.) 

The product in Equation 24.2 can now serve as a convenient reagent for the introduction of 
a stereogenic center in a synthetic target without the necessity of resolving enantiomers. The 
carbohydrate starting material provides the chiral reagent in optically pure form. It can then be 
used in a variety of syntheses where a target material bearing a single stereogenic center in opti- 
cally pure form is required. An example of the use of this carbohydrate-derived chiral reagent is 
shown in the following section. 


The Synthesis of (R)-Glycerol 3-Phosphate  (R)-Glycerol 3-phosphate (24.4) is a 
material occurring in biological systems that forms in cells via numerous routes. Once generated 
by normal metabolic pathways, (R)-glycerol 3-phosphate reacts further to produce, among other 
substances, the phospholipids that constitute major components of cell walls. A convenient /abo- 
ratory synthesis of (R)-glycerol 3-phosphate uses D-mannitol as a chiral starting material. 
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CH,OH 
HO H 
CH;0PO4H; 


(R)-glycerol 3-phosphate 
24.4 


The route to (R)-glycerol 3-phosphate from the acetonide of D-glyceraldehyde is shown in 
Equation 24.3 and Equation 24.4. The first step involves a catalytic reduction of the aldehyde 
group to a primary alcohol without undoing the acetonide linkage. This step is followed by reac- 
tion of the primary alcohol site with phosphorus oxychloride which forms a phosphate ester 
linkage. In the work-up, water addition yields the free acid which is ultimately isolated as the 
barium salt. 


НЗС о. H3C A 
KC CH, Ном eH 
НС он НС он 
CHO CH;0H 
73% yield (Eq. 24.3) 
НЗС о H3C о 
сн POCI K с=п; 
Oe ———» НС он 
CH,OH СН,ОР(О)СЬ 
во 
CH;OH CH,OH 
но--н Bate но--н 
СН;ОРОзВа СН;ОРО;Н; 


37% yield (Еа. 24.4) 
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This approach to the synthesis of (R)-glycerol 3-phosphate avoids all of the difficulties asso- 
ciated with the resolution of enantiomers that would occur if we were to use an achiral starting 
reagent. From this point the entire range of biologically occurring phospholipids, as well as 
structurally related analogues useful for probing metabolic processes, are available for labora- 
tory chemical synthesis in optically pure form. 


24.7 DISACCHARIDES AND POLYSACCHARIDES 


GENERAL 


In our prior discussion of glycosides we noted that a hydroxyl group of one monosaccharide 
could participate in glycoside formation with the anomeric carbon site of another monosaccha- 
ride unit. The resultant glycoside is a disaccharide. If many monosaccharide units are linked in 
this manner, the resulting species is a polysaccharide. 

Disaccharides and polysaccharides are substance of great biological significance. As com- 
plex carbohydrates they serve as major caloric sources for animal species. Moreover, they 
constitute major portions of the structural components of cell walls and specific recognition sites 
at cell surfaces. In this section we will briefly consider some structural aspects of specific di- and 
polysaccharides along with their chemistry and biochemistry. 


CHARACTERISTICS OF DI- AND POLYSACCHARIDES 


Maltose Maltose is one of the simplest disaccharides. Although we can isolate maltose from 
plant sources, it is probably not present in plants as the free molecule. Instead, it is a component 
of more complex structures (starch) that are hydrolyzed to maltose and other simpler substances 
by enzymatic degradation. 

We can learn about the structure of maltose by performing a series of chemical and bio- 
chemical reactions with it. If the glycosidic linkage of maltose is hydrolyzed, D-glucose is the 
only monosaccharide produced. Thus, we infer that maltose consists of two D-glucose units 
joined by a glycosidic linkage. 

However, maltose is a reducing sugar; that is, it is oxidized by silver nitrate in aqueous 
ammonia and produces silver metal from the oxidizing agent. To understand this result, we need 
to recognize that there are two anomeric carbon atoms in a disaccharide. The glycosidic linkage 
present in maltose involves only one of the two anomeric carbons. The other anomeric carbon 
remains free (or as a hemiacetal). 

One of the “ordinary” hydroxyls of one glucose unit is involved in the glycosidic linkage 
with the anomeric carbon of the second glucose unit. If the free hydroxyl groups of maltose are 
methylated prior to hydrolysis, it can be determined that the hydroxyl group involved in the gly- 
cosidic linkage is at the 4-position of the glucose. 

The configuration of the glycosidic linkage is the only remaining structural feature we 
need to determine for the maltose molecule. We can do this in any one of several ways. With 
modern techniques of NMR spectrometry, we would look for the chemical shift of the 
hydrogen at the glycosidic carbon atom. From the spectra of other model compounds we 
know that a hydrogen locked into an equatorial position on a six-membered ring comes into 
resonance slightly downfield (by ~0.5 ppm) from a corresponding hydrogen in an axial posi- 
tion. In the ІН NMR spectrum of maltose we indeed find that the signal for the hydrogen at 


CHAPTER 24 + CARBOHYDRATES 985 


the anomeric carbon of the glycosidic linkage is slightly downfield from that we would 
anticipate if it were in an axial position, leading us to conclude that the hydrogen at the gly- 
cosidic site in located in an equatorial position, indicating the glycosidic linkage to have an 
Q-orientation. 

We can now draw the structure of maltose. We draw the glycosidic linkage in the more sta- 
ble of the possible chair conformations with the maximum number of bulky groups in equatorial 
positions. We then place the anomeric hydrogen in an equatorial position, leaving the oxygen 
joining the two monosaccharide units in the axial position, an O-glycoside. (Remember, this 
position is not unfavorable; it is preferred owing to the anomeric effect.) all of this leads us to 
the structure as shown in Figure 24.32 for maltose. 

Maltose is a trivial name that by itself does not convey structural information. We name 
maltose in a systematic manner by considering the glycoside portion as a substituent at the 4-O- 
position of the hemiacetal glucose portion. We thus name the structure shown in Figure 24.32 
4-O-(a-D-glucopyranosy1)-a-D-glucopyranose. 

The configuration of the glycosidic anomeric carbon of maltose was determined using 
biochemical techniques prior to the advent of NMR methods. The hydrolysis of maltose can 
be catalyzed by enzymes such as «-D-glucosidase from yeast, which also catalyzes the 
hydrolysis of methyl a-D-glucopyranoside. However, maltose hydrolysis is not catalyzed by 
enzymes such as B-D-glucosidase from almonds, which catalyzes the hydrolysis of methyl 
B-D-glucopyranoside. 


anomeric carbon 


OH of glycosidic linkage 
но o 
HO H OH 
OH 
О О 
HO H 
OH 
OH 


anomeric carbon 
present as a 
hemiacetal 
linkage 


FIGURE 24.32 The structure of the disaccharide maltose. The glucopyranoside ring shown 
at the upper left has its anomeric carbon bound in a glycosidic linkage. The 
external oxygen to this anomeric carbon is shown as down in this standard 
view; thus, the structure is that of an o-glycoside. The glucopyranose ring 
shown on the lower right uses the 4-position hydroxyl to form the glycosidic 
linkage with the upper monosaccharide unit. The glucopyranose is shown 
here with an o-hemiacetal linkage. 
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Since maltose does contain an o-glycosidic linkage, it is a useful caloric source for humans. 
The human digestive system contains enzymes (o--amylases) that catalyze the hydrolysis of di- and 
polysaccharides with oc-glycosidic linkages, but not those with B-glycosidic linkages. 


Cellobiose  Cellobiose is another disaccharide that does not occur as a free species in bio- 
logical systems but is produced by the partial degradation of plant materials such as cotton or 
wood (cellulose). If the same structural determination experiments we discussed for maltose are 
performed on cellobiose, we find fundamental similarities in the structures of the two materials. 

Cellobiose is a reducing sugar that yields two equivalents of D-glucose on complete hydrol- 
ysis. That is, one glycosidic linkage holds together two D-glucose units, and one of the anomeric 
sites is not bound into a glycosidic linkage. Moreover, studies of the products of methylation and 
hydrolysis of cellobiose indicate that the 4-position hydroxyl of one D-glucose unit is bound 
with the anomeric site of the other D-glucose unit, as in maltose. 

However, there is a fundamental difference between these two disaccharides. Cellobiose is 
virtually inert toward the o-glucosidase that catalyzes the hydrolysis of maltose, but it under- 
goes hydrolysis rapidly in the presence of B-glycosidase. The 'H NMR of cellobiose also 
indicates its glycosidic linkage to be of the B-configuration. Thus, we infer the structure of cel- 
lobiose to be that shown in Figure 24.33. Since the human digestive tract contains 
a-glycosidasees but not D-glycosidases, cellobiose is not useful as a human food. 


OH 
OH 
HO 9 О 
HO о 
ОН НО H 
H OH 
OH 


or 


OH 
O HO 
HO 5 H 
HO O 
OH 
H OH 
FIGURE 24.33 Тһе structure of cellobiose, 4-O-(B-D-glucopyranosyl)-B -D-glucopyranose. 
The disaccharide contains two D-glucose units joined by a p-glycosidic 
linkage. In these structures the hemiacetal linakge of the reducing sugar 
portion of the compound has an o-configuration. Two representations of 
cellobiose are shown. The lower structure shows the glycosidic linkage (C-O- 
C) with a more realistic bond angle than does the upper structure. However, 
the upper structure shows both rings in the standard view for carbohydrate 
rings and may make it simpler to visualize the monosaccharide components. 


Both types of representations will be used in our future discussions 
depending on the structural point to be emphasized. 
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Lactose Lactose is a disaccharide that makes up ~5% of the milk of all mammals; there is 
slightly more lactose in human milk than in milk from cows. The structure of lactose is shown 
in Figure 24.34. The disaccharide is composed of one D-glucose and one D-galactose unit (both 
are pyranoses). The D-galactose unit contributes its anomeric carbon atom to the glycosidic link- 
age. The D-glucose unit uses its 4-position hydroxyl group to bind to the D-galactose anomeric 
site, while its own anomeric carbon is present as a hemiacetal. Accordingly, the systematic name 
for lactose is 4-O-(a-D-galactopyranosyl)-a-D-glucopyranose. 


Sucrose  Hydrolysis of sucrose (common table sugar obtained from sugar cane and sugar 
beet) yields one equivalent each of D-fructose and D-glucose. Sucrose contains both a ketose 
and an aldose monosaccharide unit. However, the most intriguing difference between sucrose 
and the other disaccharides we have considered so far is that sucrose is not a reducing sugar. 
The anomeric carbon of each monosaccharide unit is involved in a glycosidic linkage—the 
anomeric sites are connected to each other by an oxygen atom. The structure of sucrose is 
shown in Figure 24.35. 

From the perspective of the D-glucose unit, the glycosidic linkage of sucrose has an 0- 
configuration, so sucrose is susceptible to hydrolysis catalyzed by o-glycosidases and can serve 
as a caloric source for humans. When viewed from the D-fructose end of the molecule, however, 
the glycosidic linkage has the B-configuration. 


HO OH 
OH 
О 
О 
HO 0 
OH HO H 
H OH 
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FicunE 24.34 The structure of lactose. 
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Figure 24.35 Тһе structure of sucrose. The anomeric carbons of both the D-glucose and D- 
fructose units are connected in a glycosidic linkage. Sucrose is not a reducing 
sugar. The anomeric carbon of the fructose unit is shown on the /eft; thus, 
this is not a standard view of the molecule. 
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The sucrose molecule can be named in either of two ways; each name uses one of the mono- 
saccharide units as the parent and the other as a substituent. These names are 
o-D-glucopyranosyl-D-D-fructofuranoside, and B-D-fructofuranosyl-B-D-glucopyranoside. 


Starch We refer to the polysaccharide consisting of an indefinite number of D-glucose units 
joined by a-glycosidic linkages as starch. Starch is a complex carbohydrate that serves as the 
most important caloric source for humans. 

In the forms commonly stored by plants, starch consists of two types of D-glucopyranoside 
polymers. One of these forms, soluble starch, contains only linkages of the type we find in 
maltose; that is, the glycosidic linkages are all of the o-configuration and join Ше anomeric site 
of one D-glucose unit to the 4-position hydroxyl of the adjacent D-glucose unit. Soluble starch 
thus has a polymaltose structure, as shown in Figure 24.36. We refer to amylose as soluble starch 
because it is readily soluble in hot water. Crude starch from plants consists of a mixture of this 
polymaltose and another branched poly-D-glucoside material. 

The branched poly-D-glucoside components of crude starch, at times referred to as 

amylopectin, again contain only D-glucose units, but the glycosidic linkages are of two types. 
A varying number of these glycosidic linkages (~5%) join the anomeric site of one unit to the 
6-position hydroxyl oxygen of the adjacent unit. Figure 24.37 shows a trisaccharide section of 
amylopectin containing both types of glycosidic linkages. It should be noted that all of the gly- 
cosidic linkages (those involving either 4-position or 6-position oxygen atoms) are of the 
a-configuration at the anomeric center. 
Cellulose Cellulose is another polymeric D-glucoside; it differs from starch in that the glyco- 
sidic linkages all have the B-configuration. Virtually all of the glycosidic linkages in ordinary 
cellulose join the anomeric center and the 4-position hydroxyl of adjacent monosaccharide units. 
Thus, we can describe cellulose as polycellobiose. Its structure is shown in Figure 24.38. 

Cellulose is a major constituent of the structural skeleton of plants (wood). It is also present 
in other parts of plants, for example, in the fruit of the cotton plant. Since cellulose contains only 
B-glycosidic linkages, it can not be digested by humans. However, the rumina of mammals, such 
as cows and goats, as well as certain other species (such as termites) contain bacteria that secrete 
B-glycosidases and thus allow the animal to utilize cellulose and similar polysaccharides. 
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Figure 24.36 Structure of soluble starch (amylose). Soluble starch is a polymer of 
D-glucose units with linkages between the anomeric carbon and the 
4-position hydroxyl oxygen of adjacent units. All linkages are of the o-type. 
At one end of the polymeric chain there is a free anomeric site, while at the 
other end there is a free 4-position hydroxyl group. 


HO 
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FIGURE 24.37 A portion of the structure of amylopectin. Two glycosidic linkages, one 
involving a 4-position hydroxyl and one involving a 6-position hydroxyl, are 
shown. Those involving 6-position hydroxyl sites account for ~5% of the 
glycosidic linkages in amylopectin. The disaccharide unit on the right, in 
which an o-glycosidic joins the anomeric center and the 6-hydroxyl group 
of adjacent monosaccharide units, is known as gentiobiose. 
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FIGURE 24.38 Structure of cellulose. Cellulose consists of D-glucose units joined by В- 
configuration glycosidic linkages between the 4-position hydroxyl and the 
anomeric center sites of adjacent units. 


Special Topic 


Cyclodextrins 


Cyclodextrins are cyclic oligomers of D-glucose, individual units being linked as in maltose by O-gly- 
cosidic linkages involving the 4-position hydroxyl oxygen atoms of adjacent D-glucose units. Formed 
by the action of readily available enzymes on soluble starch, an Ot-glycosidase (Qt-amylase) and 
cyclodextrin glycosyltransferase act to break down the polymeric starch molecules and link the frag- 
ments in cyclic form. Most commonly, rings of six, seven, or eight D-glucose units are linked in cyclic 
form with О-с1усовійіс linkages (commonly referred to as 0-, В-, and Yy-cyclodextrin, respectively). 
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As such, cyclodextrins are non-reducing sugars, having no free hemiacetal linkage present. The 
structure of B-cyclodextrin is represented below. 
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Note that each D-glucose unit has three free hydroxyl groups, one each at the 2-, 3-, and 6-posi- 
tions. In this two-dimensional view the 6-position hydroxyl groups all appear on the outside of the 
ring while the 2-, and 3-position hydroxyls appear on the inside of the ring. When viewed in three 
dimensions, this arrangement is slightly changed; the 6-position hydroxyl groups are to be found at 
the top of a torus (a truncated hollow cone) while the 2-, and 3-position hydroxyl groups are to be 
found at the bottom of the torus, as shown in the cartoon below. 


There are several consequences of this structural arrangement. First, the molecule is quite rigid 
and unable to undergo conformational changes. Further, while the top and bottom (outside) of the 
molecule have functional groups (top—primary alcohol functionalities; bottom— secondary alcohol 
functionalities) that are hydrophilic (can interact with water by hydrogen bonding and dipole-dipole 
interactions), the inside of the torus has no such functional groups and thereby is Aydrophobic (can 
not have attractive interactions with water molecules). As a result, while the molecule itself is water 
soluble, the inside can trap and hold molecules that themselves are hydrophobic (can interact only 
by van der Waals interactions and are generally insoluble in water). 
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This characteristic provides significant utility for the cyclodextrin molecules. A variety of 
hydrophobic materials can be carried into aqueous solution by being trapped within the hydropho- 
bic portion of the torus, and later released under particular conditions. As such, cyclodextrins find 
utility in pharmaceutical and odor control applications, among many others. Different sized 
cyclodextrins provide different sized hydrophobic containment regions such that selectivity in the 
size of guest molecules can be exhibited with the various sized host cyclodextrins. 


24.8 NATURAL MATERIALS STRUCTURALLY 
RELATED TO CARBOHYDRATES 


D€oxvCARBOHVDRATES 


Structure and Occurrence A deoxycarbohydrate is a simple carbohydrate in 
which a hydrogen atom takes the place of one of the usual hydroxyl groups. For example, 
D-2-deoxyribose (24.5) and D-ribose (24.6) are shown in Figure 24.39. 

Although such deoxycarbohydrates occasionally occur in the free state in organisms, they 
are usually components of larger, structurally more complex materials. We can isolate the fun- 
damental deoxycarbohydrate unit by degradation of the larger material. Deoxycarbohydrates are 
not synthesized from simpler molecules in biological systems—the known deoxycarbohydrates 
in biological systems form by reduction of derivatives of the ordinary carbohydrates. 


D-2-Deoxyribose  D-2-Deoxyribose is the most familiar deoxycarbohydrate. It does not 
occur free in biological systems but is found as a component of deoxyribonucleic acid (DNA) 
and deoxyribonucleotides (see Chapter 28). The D-2-deoxyribose component of a section of 
DNA is shown in Figure 24.40. We can isolate the parent 2-deoxyribose by treating the nucleic 
acid with aqueous acid. Hydrolysis of both the phosphate ester linkages occurs under these con- 
ditions, along with cleavage of the glycosidic linkage. 


CHO CHO 
| | 
| | 
H =—— C — OH H = C — OH 
| | 
| | 
CHOH CH;OH 
D-2-deoxyribose D-ribose 
24.5 24.6 


FIGURE 24.39 Comparison of the structures of D-2-deoxyribose and D-ribose. In the deoxy 
structure there is a hydrogen in place of one of the hydroxyl groups usually 
present in a carbohydrate. The numerical prefix in the name indicates the 
position in which the hydroxyl group has been replaced. 
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FIGURE 24.40 Section of DNA. The D-2-deoxyribose portion is shown enclosed in а box. 
Other components of the DNA (a heterocyclic base and phosphate ester 
linkages) are also shown. The anomeric carbon of the 2-deoxyribose is 
bound in a glycosidic linkage involving a nitrogen atom of the heterocyclic 
base. The other hydroxyl groups of the D-2-deoxyribose portion are bound 
in phosphate ester linkages. Such species are generated in biological 
systems by the enzymatic action of a reductase on the ribonucleotide 


species. 


In biological systems the D-2-deoxyribose components arise from enzymatic reduction of 
D-ribose derivatives. There is no separate biosynthetic route for D-2-deoxyribose, nor is it pro- 
duced as a free component. Its synthesis occurs with a heterocyclic base already in place at the 
anomeric carbon and a phosphate ester linkage already present at the 6-position. 


6-Deoxyhexoses The number of naturally occurring L-family carbohydrates and carbo- 
hydrate-related substances is small. However, several of them have significant roles in biological 


systems. One example is L-rhamnose (24.7), a 6-deoxyhexose. 
HO O 
СН; ОН 


ОН ОН 


L-rhamnose 
24.7 


Unlike D-2-deoxyribose, L-rhamnose does occur in the free form in certain biological sys- 
tems. It is found in the leaves of poison ivy and poison sumac. However, it occurs more often in 
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glycosidic form, both in plants and in bacterial cell walls. Like D-2-deoxyribose, L-rhamnose 
does not have an independent biosynthetic source. It is formed from derivatives of D-glucose 
through a series of rearrangements and reduction. 

The 6-deoxyhexose L-fucose (24.8) also arises biochemically from derivatives of D-glucose. 
It is a rather common deoxycarbohydrate that is found in a variety of biological sites, including 
human blood and milk; it is also a structural component in seaweed. 


HO O 
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L-fucose 
24.8 


AMINODEOXY SUGARS 


The aminodeoxy sugars are the final category of carbohydrate-related species that we will con- 
sider here. In an aminodeoxy sugar, an amino group (-NH»5) is present in place of one of the 
usual hydroxyl groups of a carbohydrate. Two common examples of aminodeoxy sugars are 
chondrosamine (3-amino-3-deoxy-D-galactose) 24.9) and glucosamine (2-amino-2-deoxy-D- 
glucose) (24.10). 

Both of these aminodeoxy sugars have their biochemical origins in the derivatives of D- 
fructose; they are produced by isomerization and transamination reactions. In derivative forms, 
as glycosides and amides of acetic acid, they are important structural components of numerous 
biological systems, including the murein of bacterial cell walls and hyaluronic acid of animal 
connective tissue. General structural representations of hyaluronate and murein are shown in 
Figure 24.41. 


HO OH 
O 
H 
Н,№ 
ОН 
ОН 
сһопагоѕатіпе glucosamine 
24.9 24.9 


Many aminodeoxy sugars exist in biological systems, where they are ubiquitous. 
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CO; OH 
O 
O 
HO y O 
OH 
H NH 
H 
O 
n 
repeating unit of hyaluronate, a viscous, 
jellylike substance occurring between the 
cells of animal tissues 
through phosphodiester 
linkage to complex 
carbohydrate units 
n 


through oligopeptide 
to another murein chain 


repeating unit of murein of bacterial cell walls 


FIGURE 24.41 General structures of hyaluronate and murein. These structural materials 


both contain the N-acetyl derivative of D-glucosamine bound in glycosidic 
form. The glycosidic linkages in both species have the B-configuration. In 
hyaluronate the alternating carbohydrate derivative unit is glucuronic acid, 
a D-glucose derivative in which the 6-position hydroxyl site has been 
oxidized to a carboxylic acid function. 


* Carbohydrates are classified in various ways 


* First, we classify them according to the number of carbon atoms present, that is, as 


tetroses, pentoses, hexoses, and so forth. 


* They are also classified as aldoses or ketoses depending on the nature of the carbonyl 


group present. 


CHAPTER 24 % CARBOHYDRATES 995 


* We further classify carbohydrates as monosaccharides, disaccharides, and so forth. This 
classification reflects the number of simple carbohydrate units that we can discern in the 
total structure. 


+ Carbohydrates are also classified as belonging to D- or L-families. This classification is 
based on the stereochemistry of the stereogenic carbon atom located farthest from the 
carbonyl group (the reference carbon atom). 


+ For convenience, we often draw open-chain structures depicting linear carbohydrates as poly- 
hydroxyaldehydes or polyhydroxyketones, but they normally exist as cyclic hemiacetals (or 
hemiketals) in five- or six-membered rings known as furanoses or pyranoses, respectively. 


* We envision ring formation through the association of a hydroxyl group of the open-chain 
structure with the carbon atom of the carbonyl group. This cyclization process generates a 
new stereogenic center, and thus there are two cyclic diastereoisomers for each open-chain 
structure with a particular sized ring. We designate these diastereoisomers as œ and В, 
depending on the relative stereochemistry of the anomeric carbon atom. We commonly use 
Fischer projections to represent open-chain structures and Haworth projections or chairs to 
represent cyclic (six-membered ring) forms of carbohydrates. 


* Glycosides are derivatives of carbohydrates in which the anomeric carbon atom is bound 
in a full acetal or ketal linkage. Glycosides are inert to neutral or basic reagents in aqueous 
solution but are hydrolyzed by aqueous acid. Glycosidic linkages join monosaccharide 
units to form disaccharides and polysaccharides. 


* Reducing sugars are easily oxidized by mild reagents such as Tollens' reagent, Fehling's 
solution and Benedict's solution. The carbonyl group of aldoses can be oxidized to a car- 
boxylic acid functionality by bromine in water. Nitric acid also oxidizes this group and in 
addition oxidizes any primary alcohol groups present to carboxylic acid groups. 


* We can ascend the series of aldoses using the Kiliani-Fischer synthesis and descend the 
series using the Ruff or Wohl degradations. 


* Carbohydrates also serve as convenient sources of chiral reagents for the synthesis of 
other stereochemically complex molecules. 


Terms to Remember 


carbohydrates pyranose Wohl degradation 
catabolism anomers Ruff degradation 
aldoses anomeric carbon atom osazone 

ketoses 0/-апотег reducing sugar 
monosaccharides B-anomer starch 
disaccharides mutarotation amylopectin 
polysaccharide glycosides cellulose 

alditols anomeric effect deoxycarbohydrate 


furanose Kiliani-Fischer synthesis aminodeoxy sugars 


Problem 24.1 


For each structural type listed below, tell how many stereoisomers can exist. Also, tell 
which are enantiomers and which are diastereoisomers. 


a) the aldotetroses 
b) the aldopentoses 


(answer) 


Problem 24.2 
Give the structure of a ketose that is not optically active. 


(answer) 


Problem 24.3 
Would you expect D-ribose and D-erythrose necessarily to be dextrorotatory? Explain. 


(answer) 


Problem 24.4 


Write the structure of each of the compounds shown in Figure 24.2 as a Fischer 
projection. Then, write the structure of its enantiomer as a Fischer projection. 


(answer) 


Problem 24.5 


Consider some early experiments that revealed useful information about the structure of 
(+)-glucose. 


a) (+)-Glucose reacts with Tollens' reagent. On the basis of this observation, what 
functional group is present in (+)-glucose? On the basis of the structure of (+)-glucose as 
given in Figure 24.6, what is the organic product of this reaction? 


b) (+)-Glucose reacts with phenylhydrazine to yield a compound of formula 
СрН зО Го. What functional group is suggested by this reaction? Again, draw Ше 
structure of the product of the reaction. 


с) The presence of hydroxyl groups in (4)-glucose was established by reaction with 
acetic anhydride. This reaction converts the hydroxyl groups to ester linkages. Predict the 
maximum number of moles of acetic anhydride that would react with one mole of (+)- 
glucose. Show the structure of the fully esterified product. 


d) Observations such as those just described suggested to early chemists that (+)- 
glucose is a pentahydroxyaldehyde. Why do you think that a structure in which the 
hydroxyl groups are each attached to separate carbon atoms was considered more likely 
than a structure in which two hydroxyl groups were present on a single carbon atom? 


(answer) 


Problem 24.6 


Contemplate the alditols derived from the series of aldohexoses. Determine the number 
of enantiomeric pairs and draw the structures for the meso compounds. 


(answer) 


Problem 24.7 


Compare the open-chain starting structures of D-ribose shown in Figure 24.8. Use models 
to verify that they are simply different conformations of the same structure. 


(answer) 


Problem 24.8 


Use models and draw wedge structures to show the generation of pyranose and furanose 
forms of D-glucose. 


(answer) 


Problem 24.9 


What is the absolute configuration designation (R/S) for the anomeric carbon atom in 
each of the a and В forms of D-ribofuranose? Does this designation depend on the D- 
aldose under consideration, or is it the same for all? Does this designation depend on the 
size of the ring (furanose or pyranose)? Explain your conclusion. 


(answer) 


Problem 24.10 
Use the R/S system to designate the absolute configuration about each of the stereogenic 
centers in the anomers of D-ribofuranose. What is the stereochemical relationship of the 


two structures? 


(answer) 


Problem 24.11 


Give the complete name for each of the following structures: 


a) HO 
O OH 
HO 
OH 
b) 
HO 
O 
OH HO 
OH 
c) 
HO 
O OH 
HO 
OH OH 


(answer) 


Problem 24.12 

Draw and name the two anomeric forms of each of the following: 
a) D-fructofuranose 

b) D-glucopyranose 


(answer) 


Problem 24.13 


Two crystalline forms of glucose can be obtained by recrystallization. They correspond to 
the a- and ће B-anomers of D-glucose. Crystallization from a cold solution yields а 
crystalline form that has a melting point of 146°C and a specific rotation of +112° 
(sodium vapor lamp). The other crystalline form results from crystallization from a hot 
solution. 


a) Do you expect the crystals obtained from the high temperature crystallization to 
melt at 146°C? Explain. 


b) Do you expect the crystals obtained from the high temperature crystallization to 
have a specific rotation of +112°, -112°, or some other value? Explain your answer. 


(answer) 


Problem 24.14 

Draw the two possible chair conformations of each of the following: 
a) a-D-mannopyranose 

b) B-D-galactopyranose 


(answer) 


Problem 24.15 


Name each of the following glycosides: 


a) 


HO " 
HO 
OCH, 
OH 
b) 
pe о осн, 
HO 
OH 
OH 
с) 
он 
О 
HO 
Bo OCH, CH, 
OH 


(answer) 


Problem 24.16 

Draw the structure for each of the following glycosides: 
a) methyl B-D-ribofuranoside 

b) ethyl a-D-allopyranoside 

с) methyl a-D-arabinofuranoside 


(answer) 


Problem 24.17 


Under what conditions would you expect the glycosides listed in Problem 24.16 to 
undergo mutarotation? Explain your answer. 


(answer) 


Problem 24.18 
Show how the cationic intermediate in Step 2 of the acid catalyzed glycoside formation 
mechanism can lead to Ше a-anomer. Why would you not expect equal amounts of the a- 


and В-апотег to be formed in this reaction? 


(answer) 


Problem 24.19 


Which substance, D-erythrose or D-threose, would yield an optically active substance 
upon reduction with sodium borohydride? 


(answer) 


Problem 24.20 


Suppose you used D-erythrose as the starting material in a Kiliani-Fischer synthesis. 
Which two pentoses would you produce? 


(answer) 


Problem 24.21 
Provide a complete mechanism for the oxime-forming step of Figure 24.18. 


(answer) 


Problem 24.22 


If the reaction in Figure 24.22 is performed at a higher temperature, the а--апотег of the 
pentaacetate is also formed. Explain why this occurs. 


(answer) 


Problem 24.23 
Which pairs of D-aldoses in Figure 24.6 yield identical osazone products? 


(answer) 


Problem 24.24 


Name all of the aldohexoses that will give optically active dicarboxylic acids on 
treatment with nitric acid. 


(answer) 


Problem 24.25 


Examine the structure of maltose shown in Figure 24.16. Do you expect it to be a 
reducing sugar? Explain why or why not. 


(answer) 


Problem 24.26 


Try to deduce the structures of D-(+)-xylose, D-(-)-idose, and D-(-)-gulose solely from 
the data given in this problem. Do not use Figure 24.6 to help. By working this problem 
in this manner you will follow the same thought processes as used by early carbohydrate 
chemists to infer the structures of the carbohydrates. Use only the following data: 

D-(+)-Xylose is an aldopentose. On oxidation with nitric acid it is converted to an 
optically inactive dicarboxylic acid. When the Kiliani-Fischer synthesis is applied to D- 
xylose, a mixture of two aldohexoses, D-(-)-gulose and D-(-)-idose is obtained. Both of 
these hexoses are oxidized by nitric acid to optically active dicarboxylic acids. No other 
aldose of either the D- or L-family is oxidized to the same dicarboxylic acid as the one 
formed on oxidation of D-(-)idose. However, the dicarboxylic acid obtained from the 
oxidation of D-(-)-gulose is also obtained by the oxidation of a L-series aldohexose. In 
addition to working out the structures of the three required D-aldoses, also suggest a 
structure (and a name - you may now look at Figure 24.6) for the L-family aldohexose 
referred to above. 


(answer) 


Problem 24.27 


Show how you could differentiate between methyl D-D-glucopyranoside and methyl B-D- 
glucofuranoside using periodate cleavage reactions. Could you use this method to 
differentiate between methyl a-D-glucopyranoside and methyl D-D-eglucopyranoside? 


(answer) 


Problem 24.28 

Predict the products of periodate oxidation followed by aqueous acid work-up for each of 
the compounds listed below. Also indicate the relative amount of each product formed 
and the relative amount of periodate consumed in the reaction. 

a) methyl B-D-mannopyranoisde 


b) ethyl a-D-galactofuranoside 


с) methyl a-D-apiofuranoside (See Biologial Carbohydrates of Nonlinear Structure 
from earlier in this chapter.) 


(answer) 


Problem 24.29 


The following products are isolated after periodate oxidation of a glycoside followed by 
aqueous acid work-up. 


СН;ОН + Н,С-О + ОНС-СНО + ОНС-СН(ОН)-СНО 


The oxidation procedure uses two equivalent amounts of periodate for each equivalent 

amount of the glycoside. Propose a structure for the starting glycoside. What structural 

features of the starting glycoside can you not specify, given this data about the products 
and the periodate consumption? 


(answer) 


Problem 24.30 
Consider the variety of methods we have available for the reduction of an aldehyde to a 
primary alcohol. Provide an alternative route for the conversion illustrated in Equations 


24.4. 


(answer) 


Problem 24.31 


Outline the experiments you would perform to determine the complete structure of 
lactose. Describe the anticipated results of those experiments and explain how they would 
provide evidence of the structure. 


(answer) 


Problem 24.32 


Figure 24.35 shows the structure of sucrose with the D-glucose unit (but not the D- 
fructose unit) in the standard orientation. Make a model of sucrose and draw the structure 
such that the D-fructose portion has the standard orientation. Verify that the glycosidic 
linkage has a B-configuration with regard to the D-fructose unit. 


(answer) 


Problem 24.33 

Draw the complete structure of each of the following disaccharides: 

a) 6-O-(B-D-glucopyranosyl)-a-D-glucopyranose (also known as gentiobiose) 

b) 6-O-(a-D-galactopyranosyl)-a-D-mannopyranose (also known as epimelibiose) 


(answer) 


Problem 24.34 
Give the systematic name for each of the following disaccharides: 


a) 


HO OH 
О 
HO H 
OH 
О 
o 9H 
HO 
OH 
HO 
b) 
HO OH 
О 
HO H 
OH 
О 
OH 

H О 

HO 

OH 
OH 


(answer) 


Problem 24.35 


On treatment with а p-glycosidase, the trisaccharide gentianose yields D-fructose and 
gentiobiose (see Figure 24.37). On treatment with an a-glycosidase, gentianose yields 
two equivalent amounts of D-glucose and one equivalent of D-fructose. Gentianose is a 
non-reducing sugar. What is the structure of gentianose? 


(answer) 


Problem 24.36 
What is the relationship between D-2-deoxyribose and D-2-deoxyarabinose? 


(answer) 


Problem 24.37 


Consider the structures of L-fucose and L-rhamnose. What specific changes in 
configuration and state of oxidation are required for their biosynthesis from D-glucose? 


(answer) 


Problem 24.38 


D-Fucose is a 6-deoxyaldohexose that occurs in biological systems. It is found in a 
variety of plants, including the roots of the jalapefio pepper plant. Draw the structure of 
D-fucose in an а-ругапозе form. Compare this structure to that of D-glucose and indicate 
the changes in configuration that must occur for the biosynthesis of D-fucose from D- 
glucose. 


(answer) 


Problem 24.39 


Draw Haworth projection structures for each of the following: 


a) 
b) 
с) 
d) 


е) 


a-D-allopyranose 
p-D-ribofuranose 
a-D-arabinofuranose 

methyl a-D-mannopyranoside 


methyl B-D-galactopyranoside 


(answer) 


Problem 24.40 


Show the products obtained by performing each of the following reactions (or series of 
reactions) on D-galactose. 


a) subjecting it to the Ruff degradation 


b) treating it with base, leading to an equilibrium mixture containing D-galactose, 
another aldose, and a ketose 


с) warming it with aqueous bromine 

d) treating it with sodium borohydride in ethanol 
e) treating it with an excess of phenylhydrazine 
f) treating it with acetic anhydride 


g) dissolving it in methanol and bubbling anhydrous hydrogen chloride through the 
solution 


h) treating the product of reaction (g) above with sodium periodate followed by 
workup with aqueous acid 


(answer) 


Problem 24.41 


Draw Fischer projection structures for each of the following: 


a) a D-aldotetrose that yields an optically active product when reduced with sodium 
borohydride 

b) an aldohexose that gives the same osazone as D-idose 

с) а ketose, D-tagatose, that yields the same osazone as D-galactose 


d) L-galactose 


(answer) 


Problem 24.42 


Show the two chair conformations of methyl a-D-idopyranoside. Which chair 
conformation do you think is more stable? Explain your answer. 


(answer) 


Problem 24.43 

Draw the more stable chair conformations for each of the following: 
a) methyl B-D-galactopyranoside 

b) methyl B-D-xylopyranoside 

с) methyl a-D-ribopyranoside 


(answer) 


Problem 24.44 


One mole of a compound reacts with one mole of sodium periodate to form one mole of 
HO;C(CH5;),CHO. Suggest a structure for the initial compound. 


(answer) 


Problem 24.45 


One mole of a compound reacts with three moles of sodium periodate to from two moles 
of formic acid, one mole of acetaldehyde, and one mole of formaldehyde. Suggest a 
structure for the initial compound. 


(answer) 


Problem 24.46 


Predict all products from the sodium periodate cleavage of methyl o-D- 
galactopyranoside, after aqueous acid work-up. 


(answer) 


Problem 24.47 


You perform the reactions of the Kiliani-Fischer synthesis, starting with D-talose, and 
you isolate a pair of aldoheptoses. Draw the structures of the two aldoheptoses and tell in 
detail the chemical conversions and the physical measurements you would need to 
perform in order to assign the correct absolute configuration to each. 


(answer) 


Problem 24.48 


Give the set of reagents and reaction conditions for each of the conversions indicated I-V 
in the reaction sequence shown below. More than one step may be required for each 
conversion. 


HO HO HO 
о OH о 9CH;CH, о OCH, СН; 
I II 
di ———— 
HO OH HO OH ~ 
СНО 
НО Н OCH, CH III 
О ез ~ у 
О OCH, СН; CHO 
оо == ЗЕ 


(answer) 


Problem 24.49 


The structure of melezitose, a naturally occurring trisaccharide found in numerous plants, 
is shown below. 


a) Is melezitose a reducing sugar? Why, or why not? 

b) What products are obtained upon treatment of melezitose with aqueous acid? 
Name them. 

с) Upon treatment of melezitose with sodium periodate followed by aqueous acid 


work-up, what products are formed and in what amounts? 


OH 
O 
HO 
HO OH 
HO 
О О 
О 
OH 
OH HO 
O 
HO 
HO 
OH 


(answer) 


Problem 24.50 


Compound A is a D-aldopentose that can be oxidized to an optically inactive aldaric acid, 
B. On Kiliani-Fischer chain extension A is converted into C and D. Both C and D are 
converted to aldaric acids by nitric acid oxidation, C yielding an optically active product, 
E, and D yielding an optically inactive product, F. Identify the compounds A-F. 


(answer) 


Problem 24.51 


Draw the structure of the disaccharide turanose, which has the systematic name 3-O-(a- 
D-glucopyranosyl)-a-D-fructofuranose. 


(answer) 


Problem 24.52 


Melibiose, С, is a disaccharide whose hydrolysis is catalyzed by a-glycosidases but not 
by B-glycosidases. On hydrolysis of melibiose to monosaccharides, one equivalent of D- 
glucose and one equivalent of D-galactose form. If melibiose is treated with methanol 
and acid, its methyl glycoside, H, forms. Further treatment of H with dimethyl sulfate 
forms compound I, that bears methyl ether linkages in place of the seven free hydroxyl 
groups of H. Hydrolysis of I with aqueous acid forms the two products shown below. 
Give the compete structures of compounds G-I. 


CHO CHO 
H—— OCH, H—+— OCH, 
CH,0——H CH,0——H 
сно--н H—+— ОСН; 
H—— OH H—— OH 
CH, OCH, CH, OH 


(answer) 


Problem 24.53 


On hydrolysis catalyzed by B-glycosidases, a trisaccharide yields one equivalent each of 
D-fructose and melibiose (see Problem 24.52). On hydrolysis catalyzed by a- 
glycosidases, it yields one equivalent each of D-fructose, D-glucose, and D-galactose. 
Give a complete structure for the trisaccharide. 


(answer) 


Problem 24.54 


Describe all reactions and reagents you would use for the synthesis of (S)-hexane-1,2-diol 
starting with an aldohexose. You should choose the aldohexose that is most convenient 
for the overall conversion. 


(answer) 


Problem 24.55 
Consider the structures of the cyclic hexitols (the inositols, or more formally, the 
cyclohexane-1,2,3,4,5,6-hexanols). Draw the structures for all of the stereoisomers of the 


inositols and tell which are optically active. 


(answer) 


Problem 24.56 


On treatment with sodium periodate followed by aqueous acid work-up, the methyl 
glycoside of D-tagatose yields the products illustrated below. 


CHO CHO 
н— он —o CH, OH 
CH,OH CH,OH 


D-Tagatose itself is resistant to oxidation with bromine in water, although it is a reducing 
sugar. The methyl glycoside of D-tagatose yields an acetonide upon treatment with 
acetone in the presence of an acid catalyst. Upon treatment with sodium borohydride, D- 
tagatose yields two hexaols, one of which is optically inactive and identical to that 
obtained by a similar reduction of D-allose. Deduce the structures of the methyl glycoside 
of D-tagatose and D-tagatose itself. 


(answer) 


Problem 24.57 


Show all reagents and reaction conditions required for the conversion of D-ribose to 5- 
deoxy-5-amino-D-ribose. 


(answer) 


24.1-answer 


a) There are a total of 4 stereoisomers. There are two diastereoisomeric sets of 
enantiomers. 
b) There are a total of 8 stereoisomers. There are four diastereoisomeric sets of 


enantiomers. 


24.2-answer 


Any ketose in which the carbonyl function is at the central carbon atom (odd number of 
carbon atoms in total) and the attached groups are mirror images of each other will serve 
to meet this requirement. The simplest is dihydroxyacetone. 


HO 


HO 


24.3-answer 


Absolutely not! The notation D/L refers to the absolute configuration about a specific 
stereogenic site. For anything other than glyceraldehydes, it tells us nothing about the 
direction of rotation of the plane of plane polarized light at any wavelength. 


24.4-answer 


CHO CHO 
H -- OH HO -- Н glyceraldehyde 
CH;OH CH,OH 


dihydroxyacetone has no stereogenic site and no enantiome 


CHO CHO 
E OH "ue 
erythrose 
H OH HO H 
СН, ОН СН, ОН 
СН, ОН СН, ОН 
о о erythulose 
H + OH HO H 
CH, ОН CH, ОН 
CHO CHO 
H OH HO H 
H OH HO H ribose 
H OH HO H 
CH, ОН CH, OH 


OH 


O 
HO H 
H OH 
H OH 
O 
HO H 
H OH 
H OH 
H OH 


CH, ОН 
о 
HO H 
HO H 
CH,OH 
CHO 
HO H 
H OH 
HO H 
HO H 
CH,OH 
CH,OH 
о 
H OH 
HO H 
HO H 
CH,OH 
CH;OH 
о 
H—}OH 
HO H 
HO H 
HO H 
CH;OH 


ribulose 


glucose 


fructose 


sedoheptulose 


24.5-answer 
a) This result suggests that (+)-glucose bears either an aldehyde functionality or an 


a-hydroxyketone unit. Either of these will undergo oxidation by Tollens' reagent. For the 
known structure of (+)-glucose, the product structure would be: 


CO,H 


H OH 


OH 
СН, ОН 


b) This result also suggests the presence of an aldehyde or a ketone functional group. 
The structure of the product would be: 


H 
N 
C=N-NHC ¢ H; 
H OH 
HO H 
H OH 
H OH 
СН,ОН 
с) The (+)-glucose molecule would react with five molecules of acetic anhydride. 


The structure of the resultant species would be: 


CHO 
H O, CCH; 
H, CO, H 
H O, CCH; 
H O, CCH; 


CH, O, CCH, 


d) Species with two hydroxyl groups attached to the same carbon atom readily 
undergo dehydration upon simple drying to generate a carbonyl group. This doesn't 
happen with (+)-glucose (or any of the other simple carbohydrates. 


24.6-answer 


Enantiomeric pairs will be generated from the following aldohexoses: 


altrose 
glucose 
mannose 
gulose 
idose 
talose 


We will get meso structures from allose and galactose, of structures as shown here: 


CH, OH 
OH 
OH 
OH 


= om m = 


OH 
CH,OH 


allitol 


СН, ОН 

H OH 
HO H 
HO H 

H OH 

CH,OH 


galactitol 


24.7-answer 


The two structures differ by rotation about the C4-C-5 bond. 


24.8-answer 


HOCH, 


pyranose 


furanose 


24.9-answer 


For the a-D-ribofuranose, the designation of the anomeric carbon site is S. 
For the B-D-ribofuranose, the designation of the anomeric carbon site is R. 


This designation will be the same for any linear aldose we consider, and it will be the 
same for any size ring (pyranose or furanose). 


In any instance, regardless of the length of the chain or the size of the ring, there will still 
be four substituents about the anomeric carbon site, that include: the -O-C connection of 
the ring (highest priority), the -OH (second highest priority), the -C connection of the ring 
(third highest priority), and the -H (lowest priority). These do not change with either the 
length of the chain or the size of the ring. 


24.10-answer 


HOCH, О 
R S 
1—9 
он ОН 
HOCH, О ОН 
R 
S R 
OH OH 


a-D-glucofuranose 


p-D-glucofuranose 


They are diastereoisomers. 


24.11-answer 
a) p-D-arabinofuranose 
b) a-D-lyxofuranose 


с) p-D-allopyranose 


24.12-answer 


a) 
HO 
о ОН 
НО p-D-fructofuranose 
OH 
OH 
HO 
OH 
a .-D-fructofuranose 
O 
OH 
O 
О 


О 
OH 
b) 

O 
OH 

OH 

HO 

O 
OH 

OH 


H 


H 


p-D-glucopyranose 
H 


H 
a-D-glucopyranose 
OH 


©) 
fe) 


24.13-answer 


a) They would not be expected to have a melting point of 146°C. They would be 
diastereoisomeric with those from the low temperature recrystallization, and, as 
diastereoisomers, would have a different crystalline lattice. Thereby it would be unlikely 
(although possible by a fortuitous event) that they would have the same melting point. 


b) Being diastereoisomeric with the material exhibiting a specific rotation of +112’, 
it would be highly unlikely for them to have the same specific rotation. In general, we 
could not predict what the specific rotation would be for a diastereoisomer of a substance 
for which we measured a particular specific rotation. 


24.14-answer 


a) 


ОН О 
НО 
НО H 
OH 
b) 
OH 
OH 
O 
H 
HO Ы, 
ОН 


НО 


ОН 


НО 


OH 
~o 


OH 


о 


ОН 


ОН 


ОН 


ОН 


24.15-answer 
a) methyl o-D-arabinofuranoside 
b) methyl B-D-fructofuranoside 


с) ethyl B-D-glucopyranoside 


24.16-answer 


а) но 


О OCH, 
OH OH 
b) 
OH 
O 
HO 
H 
OH 
OH OCH, CH, 
с) НО 
О 
НО 
OCH, 


OH 


24.17-answer 


For mutarotation to occur with the glycosides, they would need to be placed in alcohol 
solvent (alcohol corresponding to that involved in the glycosidic linkage) with acid 
catalyst present. 


24.18-answer 


HO HO 
О + о Н 
Н -——— 
---->- t 
QCH; 
H 
ai | 
Y 
HO 
О н 
OCH, 
OH OH 


We would not expect equal amounts of о- and f-anomers to form because the 
methanol is adding to diastereotopic trigonal planar prochiral site. Approach from each of 
the two sides is different, even for an achiral reagent such as methanol. 


24.19-answer 


We would expect D-threose to yield an optically active product on reduction of the 
aldehyde group. In this way the two products of the Kiliani-Fischer synthesis could be 
distinguished, since D-erythrose would yield an optically inactive product on such 
reduction. 


24.20-answer 


We would produce D-ribose and D-arabinose in such a procedure. 


24.21-answer 


НОМН, | HO | 
H ot H О 
SN а 
+ 
H =— C — OH Н--С--ОН 
----> 
НО— С-Н НО — С-Н 
Н--С--ОН Н--С--ОН 
СН,ОН СН,ОН 
-H* 
| = 
HO + HO 
H H 
X № >--н X N 29 
HN—C HN—C 
-H,0 Ht | 
HO-—C—H HO—C—H 
Н--С--ОН са н 
CH,OH CH,OH 


24.22-answer 


As the temperature is raised, some opening of the hemiacetal ring occurs prior to 
acetylation. In this way one produces a mixture of the anomers. 


24.23-answer 
D-erythrose and D-threose 


D-ribose and D-arabinose 
D-xylose and D-lyxose 


D-allose and D-altrose 
D-glucose and D-mannose 
D-gulose and D-idose 
D-galactose and D-talose 


24.24-answer 


D-altrose 
D-glucose 
D-mannose 
D-gulose 
D-idose 
D-talose 


24.25-answer 


In D-maltose, being a disaccharide, there are two anomeric carbons. One of these is tied 
up as a full acetal linkage (glycosidic linkage) while the other is a hemiacetal. It is the 
hemiacetal linkage that undergoes oxidation in the reducing sugar test. 


24.26-answer 


rund 


HO—C—H 


нон 

Ho—c—H 

H—C—OH 
CH,OH 


D-idose 


Ve 
HO—C —H 


| 
H—C—0H 


HO—C—H 
HO—C—H 
CH,OH 


L-glucose 


24.27-answer 


СНОН + ОНС-СНО 
OH 


methanol glyoxal 
— ae 1.104" 


О сно 
HO- \ = 
чао E OCHS 2. aq. acid + H—C—0H 
OH 


| 
CH,OH 


D-glyceraldehyde 
+ HCO,H 


formic acid 


CH,OH + OHC-CHO 


OCH. CHO 
о * 1104 | 
> + H— ii — OH 
| 2. aq. acid CHO 
OH OH 
* HCOjH 


Each reaction consumes two equivalent amounts of periodate. 


We would not be able to differentiate a- and B-anomers using the periodate oxidation 
analysis. 


24.28-answer 


a) 


b) 


с) 


Products are: 


СН»ОН, OHC-CHO, HCO;H, D-glyceraldehyde (One equivalent 
amount of each) 


Two equivalent amounts of periodate are consumed. 


Products are: 


СН;СН-ОН, OHC-CHO, H5;C-O, HCO-CH(OH)-CHO (One equivalent 
amount of each) 


Two equivalent amounts of periodate are consumed. 


Products are: 


СНЗОН, OHC-CHO, Н-С-О, НОСН,СО Н (One equivalent 
amount of each) 


Two equivalent amounts of periodate are consumed. 


24.29-answer 


The starting glycoside is a methyl glycoside of an aldohexose with a furanoside ring 
system. 


We can not tell the stereochemistry about any of the stereogenic sites in the starting 
glycoside, including the anomeric center, the 2-, 3-, 4-, or 5-position carbons (and thereby 
whether it is a D- or L-carbohydrate). 


24.30-answer 


The reduction could easily be accomplished using NaBH; in an alcohol solvent. The 
precaution must be taken to have the solution slightly basic such that the ketal linkage is 
not cleaved before the primary alcohol can be used in a continuing reaction. 


24.31-answer 


• Simple acid catalyzed hydrolysis would determine that lactose is composed of one 
unit of D-galactose and one unit of D-glucose 


• Methylation prior to acid catalyzed hydrolysis would determine that the D- 
galactose uses its anomeric site for the glycosidic linkage and no other site is tied up in 
the linkage to glucose. It would also determine that the 4-position of the D-glucose unit is 
used in the glycosidic linkage. 


• Testing would be performed with a-glycosidase and -glucosidase to determine 
the nature of the glycosidic linkage. 


24.32-answer 


OH 
О 
HO = 
HO 
OH 
HO О 
О 
но 
OH 
OH 


In this standard view (anomeric site to the right, ring oxygen to the back), the external 
oxygen at the anomeric site is up, indicating а D-structure. 


24.33-answer 
a) 
OH 
HO о 
НО О 
ОН 
H 
HO о 
HO H 
OH 
OH 
b) 
HO OH 
O 
HO H 
OH 
O 
HO 
HO -О 
НО H 
OH 


24.34-answer 
a) 6-O-(a-D-galactopyranosyl)-B-D-fructofuranose 


b) a-D-galactopyranosyl-a.- D-galactopyranoside 


24.35-answer 


OH 


O 
HO 
H 
HO OH 
OH Е о 
Н ОН 
НО о H 
OH 
O HO 


OH 


HO 


24.36-answer 


They are identical. 


24.37-answer 
In each instance the 6-position is reduced (-OH to -H). 


Further, with L-rahmnose the configurations about the 3-, 4-, and 5-positions are 
inverted. 


With L-fucose the configurations about the 2-, 3-, and 5-positions are inverted. 


24.38-answer 


HO CH, OH 


OH 
OH 


The configurations at the 2-, 3-, and 4-positions are inverted from those in D-glucose. 


24.39-answer 


CH,OH 
о 
HO OH 


OH OH 


HO 
e 


OH OH 


HO 
O 
HO 
OH 
OH 


a) 


b) 


с) 


4) 


е) 


ОН 


24.40-answer 


a) 


CHO 
HO H 
HO H 
H OH 
CH, ОН 
b) 
CHO CH; OH 
HO H О 
HO H HO H 
HO H and HO H 
H OH H OH 
CH; OH CH, OH 
с) 
CO,H 
HO H 
HO H 
HO H 
H OH 
CH, ОН 
d) 
CH,OH 


HO H 

HO H 

HO H 
H OH 


CH, OH 


е) 


9) 


h) 


N-NHC, H; 
N-NHC, H; 
HO H 
HO H 
H OH 
CH, ОН 
AcO OAc AcO OAc 
O O 
and 
OAc 
AcO AcO 
OAc OAc 
OAc 
HO OH HO OH 
9 and 0 
ОСН; 
НО НО 
ОН ОН 
ОСН; 


СНО 
СН;ОН + HCO,H + HOC-CHO + н— он 
СН, ОН 


24.41-answer 
a) 


HO H 
b) 


HO H 


O 
HO OH 
HO H 
H OH 
HO H 
H OH 
H OH 
HO H 


с) 


d) 


24.42-answer 


OH 
HO OH OH 


„О 
HO О OCH; 
OH 


OCH, HO 
OH 


The structure on the left, with the -ОСНз linkage in an axial position, would be the more 
stable of the two structures. While this does have four groups axial about the six- 
membered ring, there are two factors favoring it; first, the axial -ОСНз group allows the 
structure to have the stabilization associated with the anomeric effect, and the other 
hydroxyl groups in axial positions are thus able to participate in cross-ring hydrogen 
bonding that otherwise would not be possible for them. 


24.43-answer 


a) 


b) 


с) 


НО 
О 
HO OCH, 
OH 
О 
НО 
СН 
ОН 
ОН 
„О 
НО 
ОСН, 


24.44-answer 


HO, C(CH,),CH(OH)CH(OH)(CH ,),CO,H 


24.45-answer 


HO 
OH 


OH 


OH 


24.46-answer 
CHO 


CH4OH + HCO-CHO + НСО Н + н— он 
CH,OH 


24.47-answer 


CHO 
HO H 
HO H 
HO H 
HO H 
H OH 
CH,OH 


and 


CHO 
H OH 
HO H 
HO H 
HO H 
H OH 
сн, он 


In order to assign absolute configurations to each, knowing Ше absolute configuration of 
D-talose, we would need to perform a sodium borohydride reduction of each to convert 
each to an alditol. That being done, we would need to measure the optical rotation of each 
of the product alditols. The resultant alditol that exhibited an optical rotation of zero at all 
wavelengths of light used would be that derived from the aldoheptose shown on the right 
(the alditol would be a meso compound). The resultant alditol from the aldoheptose 
shown on the left would not be a meso compound and thereby would be expected to 
exhibit a non-zero optical rotation. 


24.48-answer 


I 


II 


ПІ 


IV 


V 


excess of ethanol, anhydrous acid 
anhydrous acid, acetone 

СгОз, pyridine 

(СоН5)зРСН> 


0$04 


24.49-answer 


a) It is not a reducing sugar. All three of the anomeric centers of the trisaccharide are 
tied up as full acetal (ketal) linkages. 


b) Two equivalent amounts of D-glucose and one of D-fructose are produced by acid 
hydrolysis of melezitose. 


с) Two equivalent amounts of D-glyceraldehyde, two equivalent amounts of formic 
acid, two equivalent amounts of glyoxal, and D-fructose are produced in the periodate 
treatment of melezitose. 


24.50-answer 


A 


D-ribose 


ribaric acid 


D-altrose 


D-allose 


D-altraric acid 


allaric acid 


24.51-answer 


OH 


HO 


HO OH 


OH 


24.52-answer 


G 


HO OH 
OH 


HO OCH, 


O 
O 
CH, O ОСН; 
СН. О 


24.53-answer 


Ho ОН 


O 
HO 
OH 
O 
O 
HO 
HO 

OH 

HO О 
О 
НО 


ОН 


НО 


24.54-answer 


Start with D-mannose. 


l. Reduce to D-mannitol using sodium borohydride in 2-propanol 
2. Form the diacetonide using acetone, ZnCl). 
3. Cleave the C3-C4 bond using sodium periodate, isolating two equivalents of D- 


glyceraldehyde acetonide. 


4. Treat the D-glyceraldehyde acetonide with the Wittig reagent derived from 
triphenylphosphine and 1-bromopropane, followed by treatment with butyl lithium. 


5; Reduce the resultant double bond by catalytic hydrogenation over РіО». 


6. Isolate the (S)-hexane-1,2-diol by treatment of the above isolated acetonide with 
dilute aqueous acid. 


24.55-answer 


There are 7 meso structures and one enantiomeric pair: 


meso structures - 


OH OH 


enantiomeric pair - 


HO 
HO HO 


HO 


oH OH 


OH 
HO 


+ enantiomer 


24.56-answer 


"o OH HO OCH, 


OH OH 


HO OH HO OH 


24.57-answer 


l. methanol/HCl to form the methyl glycoside 


2. асеіопе/4пС to form the acetonide of the methyl glycoside 

3. p-toluenesulfonylchloride/pyridine to form the tosylate ester of the acetonide of 
the methyl glycoside 

4. excess ammonia to introduce the amino group 

5. treatment with dilute aqueous acid to remove the acetonide and glycosidic 
linkages. 


6. neutralization with aqueous base to generate the free amine 


AMINO Асір5, PEPTIDES, 
AND PROTEINS 


26.1 INTRODUCTION 


Proteins constitute one of the most important group of biochemicals. They are the main organic 
components of muscle, skin, blood, hair, and connective tissue. Enzymes, the major catalysts of 
biochemical reactions, are also proteins. Proteins are very large molecules with molecular 
weights in the tens or hundreds of thousands (or more). However, there is an underlying order 
to their structures - all are composed basically of &-amino acid units connected through amide 
linkages. Figure 26.1 shows the general structure of an o-amino acid along with a portion of a 
protein. 

If we wish to break down a protein into its component -amino acids, we must hydrolyze all 
of the amide linkages. This can be done by using the customary laboratory methods for 
hydrolyzing amides. Complete hydrolysis is the usual first step in the overall structural elucida- 
tion of a protein. Thus, we first learn which o-amino acids are present and in what relative 
amounts. After that, we need to determine the sequence in which the о-апипо acids are joined. 
This sequencing task is more difficult than determining the gross composition. Later in this 
chapter we will review the methods that chemists use to sequence proteins. 

The amide linkages [-C(O)-NH- | joining the о-апипо acids are often referred to as peptide 
bonds. When only a few о-апипо acids are connected by peptide linkages, we refer to the mol- 
ecule as an oligopeptide or a polypeptide (or simply as a peptide). The term protein is generally 
reserved for polypeptides of about 50 or more &-amino acid units (residues). Some protein mol- 
ecules have portions that аге not composed of o-amino acids; these portions are called 
prosthetic groups. We will have more to say about them later. 

Our aims in this chapter are to examine the structure and chemistry of o-amino acids, to 
examine the way in which о-апипо acids are combined in peptides and proteins, and to intro- 
duce the relationship between the structure of proteins and their ability to perform specific tasks 
in living cells. 
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26.2 OCCURRENCE AND STRUCTURE OF AMINO ACIDS 


THE FUNDAMENTALS OF 0-Амтмо ACID STRUCTURE 


Consider the general structure of an o--amino acid as shown in Figure 26.1. The number of pos- 
sible о-апипо acids with this general structure is limitless, since the В group is capable of 
limitless variation. In spite of this possible range of structure, fewer than 30 о-апипо acids are 
common in biological systems. Of these, only 20 are commonly found incorporated into protein 
structures. The structures of these common, biologically occurring о-апипо acids, along with 
their names, standard abbreviations, and some characteristics, are shown in Table 26.1. Each 
biologically occurring o-amino acid has been assigned a three-letter abbreviation (e.g., Gly for 
glycine and Ala for alanine) as well as a single-letter abbreviation (e.g., G for glycine and A for 
alanine). Chemists and biochemists use these abbreviations extensively when referring to the 
structures of peptides and proteins. Thus it is useful to commit to memory not only the struc- 
tures and their names, but also their abbreviations. 

You should note that all of the о-апипо acids listed in Table 26.1 (with the exception of 
glycine) have a stereogenic carbon atom at the о-розшоп (attached to Ше carboxyl carbon 
atom). These biologoical о-апипо acids (with the exception of the achiral glycine) occur in opti- 
cally active forms. Usually only one enantiomer occurs in biological systems (although there are 
exceptions). All common chiral о-апипо acids belong to Ше L stereochemical family; that is, 
they have the same relative configuration about the stereogenic carbon atom as does L-glycer- 
aldehyde, as shown in Figure 26.2. (The D/L notation system was introduced in Chapter 24.) 

It can be noted that not all of the 20 о-атіпо acids listed in Table 26.1 and found in proteins 
can be synthesized in the human body. Those that can not be synthesized in vivo must be 


H 
нм. 
| СОН 
R 


General structure of an о-апипо acid 


amide linkages 
Structure of a portion of a protein 


FIGURE 26.1 General structure of о-атіпо acids and proteins. A protein consists of o-amino 
acids connected by amide linkages. In the protein, the R, R', and R" substituents 
may be the same or different. The wavy lines indicate the end of the portion of 
the protein shown. Each end is connected to the remainder of the protein by 
additional amide linkages. 
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ТАВІЕ 26.1 Major Biologically Occurring a-Amino Acids. All of the o-amino acids listed 
here (except for the achiral glycine) occur biologically in the L-configura- 
tion. Two of those listed (isoleucine and threonine) contain an additional 


stereogenic center of configuration as shown. The structures are shown in 
the zwitterionic form (see text). The existence of several values of pK; for 
each o-amino acid is also explained in the text. 


Name Abbreviation Structure рк, pK; рКаз 
Nonpolar side chains 
Alanine Ala (A) Н.С —CH —co, DIOS 9.69 - 
| 
+ NH; 
Glycine Gly (G) Н СН СО, 2.34 9.60 = 
*NH5 
Isoleucine Ile (1) CH,CH, 2.36 9.68 E 
HEC 
~ C—CH COF 
м 
H +NH; 
Leucine Leu (L) (CH3),CHCH, = CH CO, 2,216 9.60 - 
| 
+МН; 
Phenylalanine Phe (Е) 1.83 9.13 - 
СН, — E —CO, 
* NH; 
Proline Pro (P) bo E99 10.60 - 
N CO; 
ХУ 
H Н 
Valine Val (V) (CH;),CH— CH—CO, 2,312 9.62 - 
| 
*NH4 
Polar, neutral side chains 
Asparagine Asn (N) H,N—C—CH,—CH—CO, 2.02 8.08 - 
|| | 
О +МНз 
Cysteine Cys (C) HSCH; —CH —CO; TA 8.33 10.78 
+NH3 
Glutamine Gln (Q) нола CH,CH,—CH —СО» 2.17 9.3 - 
| 
О *NH5 


(continued) 
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TABLE 26.1 (Continued). 


Methionine Met (M) H4CSCH;CH, — CH — CO; 
ын, 
Serine Ser (S) HOCH;—CH —CO; 
мн, 
Threonine Thr (Т) HO 
E xe —CH—CO, 
Н NH, 


Tryptophan Trp (W) 


a CH, —CH— CO7 
м. 7 2200) 2 


H + МН; 
Tyrosine Tyr (Y) 
HO гаа 
+N Н; 


Acidic side chains 


Aspartic acid Asp (D) H,NCH,CH,CH,CH, — | — СО, 


NH; 
Glutamic acid Glu (E) H 
“м 
Г У сњ—сн—сог 
=H | 
+ МН; 


Basic side chains 


Arginine Arg (R) о 
МН ая МН; 


Histidine His (H) HO;CCH;CH, —CH —CO;* 
| 


ar МН; 


Lysine Lys (K) HO;CCH, — CH — CO; 
| 


ағ NH, 


2.28 


221 


2.63 


2.38 


2.20 


2.09 


DID 


2.17 


1.82 


DIS 


921 


CIS] 


10.43 


9.30 


Се 


3.86 


4.25 


9.04 


6.00 


8.95 


10.07 


9.82 


9.67 


12.48 


9.17 


10.53 


CHAPTER 26 + AMINO ACIDS, PEPTIDES, AND PROTEINS 1023 


obtained from the diet. Nutritionists refer to those о-апипо acids that are required on a regular 
basis in the human diet as essential amino acids (see Table 26.2). Humans obtain these essen- 
tial amino acids by the digestion of protein from other sources (plants and animals). These 
proteins are hydrolyzed to their constituent o&-amino acids, which in turn are reassembled in 
their proper sequence for the required human proteins. 

The properties of &-amino acids in aqueous solution and in the solid phase suggest that they 
exist largely in the form of zwitterions (German; hybrid ions), as shown in Table 26.1 and 
Figure 26.3. The preponderance of the zwitterionic form can be rationalized in terms of a gen- 
eral rule we have used frequently: an acid-base equilibrium favors the formation of the weaker 
acid and the weaker base. 'Thus, the equilibrium in Figure 26.3 favors the zwitterionic form. 

High dipole moments, high water solubility, low solubility in less polar solvents, and high 
melting temperatures (typical of ordinary salts) are among the properties consistent with the 


COH CHO 
R—C—NH, НОСН,--С--ОН 
H H 


L-amino acid L-glyceraldehyde 


Figure 26.2 General structure of an L-a-amino acid relative to L-glyceraldehyde. 
Biologically occurring o-amino acids generally have the L configuration about 
the o-carbon site. When o-amino acids of the D configurational family do 
occur in biological systems, they have been formed by racemization of an L-a- 
amino acid rather than by their own biosynthetic route. A space-filling model 
of one L-a-amino acid, L-alanine, is shown. For L-alanine, R = methyl. 


TABLE 26.2 Essential о-Атіпо Acids in the Diet of Humans*. 


L-leucine 
L-lysine 
L-methionine 
L-phenylalanine 
L-threonine 
L-tryptophan 
L-valine 


*L-Arginine and L-histidine are sometimes listed as essential o-amino acids for children. However, recent determinations 
call these requirements into question. 
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zwitterionic structure. Furthermore, an o--amino acid such as glycine is a much weaker base and 
a much weaker acid than would be expected for a compound having a free amino group (-NH;) 
or a free carboxylic acid group (-СО,Н). The observed low acidity, however, is similar to that of 
an ammonium salt, and the low observed basicity is similar to that of a carboxylate salt. The salt- 
like zwitterionic structure is particularly important for the biological activity of о-апипо acids. 
Because of the increased water solubility of the zwitterionic structure (compared to an un-ionized 
structure), 0-атіпо acids can exist in significant concentrations in the interiors of cells, where the 
homogeneous environment is conducive to efficient reactions with other substances. 


Асто-Вдзе PROPERTIES OF 0-Амтмо ACIDS 


Consider glycine in an aqueous solution of low pH. Protonation of glycine occurs under these 
acidic conditions, converting the zwitterionic structure to a cationic form. Similarly, when glycine 
is placed in a solution of high pH, deprotonation of the zwitterionic form occurs, leading to an 
anion. Formation of these cationic and anionic forms is illustrated in Figure 26.4. The zwitterionic, 


weaker 


stronger E 
в acidic site 


acidic site 


За Y T CO; 


HN | „СОН HN. и 
CH ------> СН 
| = | 
R R 
stronger weaker 
basic site basic site 


Ғівиве 26.3 The zwitterionic structure of o-amino acids. 


zwitterionic form cationic form 
(major form of amino acid 
at pI) 


+ 
. H4N — CH, — COH 
H4N— CH, — CO, 


| 


low pH 


high pH 


neutral form 
(minor form 


at pI) 


anionic form 
of amino acid 


FIGURE 26.4 Protonation and deprotonation of glycine. 
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cationic, and anionic forms may all be present simultaneously in significant quantities in aqueous 
solution. The relative proportions of these forms depend on the pH of the solution and the struc- 
ture of the o-amino acid itself. Different forms dominate at different pH values. 

It is useful to define the isoelectric point or isoelectric pH, a property of о-атіпо acids that 
is related to their acidity and basicity. The isoelectric point, usually designated рі, is defined as 
the pH at which the concentration of the cationic and anionic forms are equal. It is also the pH 
at which the concentration of the zwitterionic form is at a maximum. We will now explore the 
relationship between the isoelectric pH and the pK, values of the o-amino acids. 

Consider the two acid-base equilibria shown in Figure 26.5. The equilibrium constants for 
the two equilibria of Ше o--amino acid are К»: and Ко. The equilibrium constants for Ше reac- 
tions in Figure 26.5 can be expressed in terms of the concentrations of the zwitterionic, cationic, 
and anionic forms of the о-апипо acid, as shown in Equations 26.1 and 26.2. 


Gs [zwitterion][H,0*] 

= [cation] (Eq. 26.1) 
NE [anion] H30*] 

Be [zwitterion] (Eq. 26.2) 


We can rearrange these equations to obtain expressions for the concentrations of the cationic 
and anionic forms of the о-апипо acid, as shown in Equations 26.3 and 26.4. 


[айбай = [zwitterion][H30*] 
Ка (Ед. 26.3) 
[anion] [zwitterion] Ка 
anion] = — 


[H30*] (Eq. 26.4) 


The isoelectric point is the pH at which the concentrations of the anionic and cationic forms 
are equal. Thus, we can obtain an expression for pI in terms of the pK, values for the equilibria 
shown in Figure 26.5. That is, we see (through Equations 26.5-26.8) at the isoelectric point: 


[zwitterion] Као [zwitterion][H30*] 
[H30*] Ка (Eq. 26.5) 
(K,)(K,5) = [H30* (Eq. 26.6) 
logK,; + logK, = 21og[H30*] (Eq. 26.7) 
eke рКа + РКа2 
2 (Eq. 26.8) 


This analysis shows that the isoelectric pH (the pI) of an о-апипо acid is simply the mean of its 
two pK, values. This relationship is clearly true for those 0-атіпо acids bearing only a single 
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T + 
H,N—CH,—CO,H «НО >”  Hj4N—CH;,— СО, + НО“ 


+ 
H4N—CH;—CO; + H,O <-> Н,М-СН,-СО; + Нз0* 


FicuRE 26.5 Acid-base equilibria with а-атіпо acids in water. 


t + 
H3N — ee + но = 4H,N— fe л + H40* 
CH,CH,CO,H CH5CH;CO; 


anionic form of 
glutamic acid 


Figure 26.6 Anionic form of an acidic о-атіпо acid (glutamic acid). 


amino group and a single carboxylic acid group. However, some biologically derived о-апипо 
acids are structurally more complex. Consider, for example, the structures of aspartic acid and 
glutamic acid. Each of these o-amino acids bears an additional carboxylic acid functionality on 
the side chain. Thus, these two о-атіпо acids have an extra acidic site. We refer to them as 
acidic д-атто acids, and we need to consider three pK, values (рК, рК, and pK,3) for them 
reather than two. If there is an additional basic unit on the side chain, we refer to the о-апипо 
acid as a basic &-amino acid, and again there is an additional pK, value to consider. We can use 
a simple approach to understand the effect of an additional acidic or basic substituent group on 
the pI value of an o-amino acid. 

Consider an 0-атпо acid that has a carboxylic acid substituent on the side chain, such as aspar- 
tic acid or glutamic acid. It will be considerably more acidic than о-апипо acids with no carboxylic 
acid functionality on the side chain, and it will dissociate in water to a greater degree, producing a 
higher concentration of its anionic form, as shown in Figure 26.6. Recall that the pI is the pH at 
which the concentration of anionic and cationic forms are equal. In order to reach the pI with a solu- 
tion of glutamic acid in water, we need to adjust the pH to suppress the higher concentration of anion 
resulting from dissociation of the carboxylic acid functionality on the side chain. Therefore, we need 
to add acid to drive the equilibrium shown in Figure 26.6 to the left, bringing the zwitterionic form 
to a maximal concentration. It follows that the pI then will be at an acidic pH. 


26.3 AVAILIBILITV AND SYNTHESIS OF о-АМІМО 
ACIDS 


GENERAL 


We can obtain o-amino acids from biological protein sources or by laboratory synthesis. 
Optically active o-amino acids can be isolated from protein sources directly, but synthetic 
methods generally lead to racemic mixtures. Since many applications require the biologically 
active pure L enantiomer, we usually need to follow up a synthetic route to an 0-атіпо acid with 
a resolution step. For some L configuration о-апипо acids, the more cost effective preparation 
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is to use a biological protein source rather than a synthetic method. For such о-апипо acids the 
cost of the L enantiomer from a chemical supply house is often much less than that for a racemic 
mixture of the same material, which can be produced only by synthesis. (The D enantiomer of 
such an о-апипо acid is correspondingly expensive.) 

Nevertheless, the synthesis of o-amino acids that do not occur biologically, as well as the 
synthesis of some that are biologically occurring, are important and economically feasible. We 
will consider here four methods for the synthesis of o-amino acids; all lead to racemic mixtures. 
It should be noted that these four methods each fall into one of four categories of synthetic 
design. The first builds on a fundamental carboxylic acid framework of carboxylic acid/ 
a-carbon/side chain and adds to it an amino group. The second uses an available framework of 
carboxylate group and о-сагһоп, while the third uses as a starting framework the side chain and 
a-carbon. The last uses the fundamental framework of glycine and adds the side chain to it. 
These general approaches are summarized graphically in Figure 26.7. 


COH 
Approach A - adding an 
HN CH amino group onto a 
N carboxylic acid framework 
R 
COH Approach B - adding an 
amino group and a side 
H-N CH chain onto an acetic acid 
2 framework 
R 
COH 
A hC- i 
HN CH pproach C - adding an 


amino group and a 
carboxylate group onto the 
side chain/a-carbon framework 


Approach D - adding the 
side chain onto a glycine 
framework 


Figure 26.7 Structural analysis of the synthetic approaches for the preparation of a- 
amino acids. The laboratory syntheses of o-amino acids generally involves the 
use of an initial structural framework onto which are added the remaining 
structural features of the target species. These approaches are illustrated 
here, wherein the initial framework is shown within the "boxed" areas, and 
the remaining structural features are added onto the indicated framework. 
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SYNTHESIS FROM A CARBOXYLIC ACID (APPROACH A) 


If we use a carboxylic acid as our starting material for the preparation of an о-апипо acid, the 
synthetic task is to introduce an amino group onto the a-carbon atom. There is currently no con- 
venient one-step laboratory procedure to accomplish this, but we can achieve the desired result 
in two steps. 

The first step in this procedure is the introduction of a bromine atom at the &-position of a 
carboxylic acid (incorporating the carboxylic acid group, the a-carbon, and the side chain) by 
means of the Hell-Volhard-Zelinsky reaction, as was discussed in Chapter 21 (Reaction #171). 
The introduction of a bromine atom is followed by a displacement reaction with ammonia. 
Ammonia displaces a bromide ion from the a-carbon atom by an 542 mechanism. An example 
of the overall reaction is shown in Equation 26.9. 


CH3CH;CO;H Ee CH3CH(Br)CO;H > Н.С — CH — CO; 
Г2 
МН» 
propanoic acid alanine 
56% yield (Eq. 26.9) 


We learned earlier (Chapter 20) that the preparation of amines by the reaction of haloalka- 
nes with ammonia is often unsatisfactory because of overalkylation. The problem is less serious 
when we prepare a-aminocarboxylic acids from o-bromocarboxylic acids. The nitrogen in the 
а-апипо acid product is considerable less nucleophilic than is nitrogen in ammonia. Thus, a sec- 
ond alkylation of the nitrogen is much less likely to occur than the first. Satisfactory yields of 
the target &-amino acid are obtained through the use of an excess of ammonia. 


SYNTHESIS FROM MALONIC Езтев (APPROACH В) 


Several variations of the malonic ester synthesis (Chapter 23) are used to prepare o-amino acids. 
One procedure is in essence a blend of the malonic ester and Gabriel syntheses (Chapter 20), as 
shown in Figure 26.8. In the first step, malonic ester is subjected to bromination. The resultant 
a-bromomalonic ester is then allowed to react with potassium phthalimide to produce an N- 
phthalimidomalonic ester, which in turn is alkylated at the a-carbon atom. Hydrolysis and the 
accompanying decarboxylation liberate the racemic 0-атіпо acid. The synthesis of racemic 
methionine using this approach is illustrated in Equation 26.10. 


O 
1. NaOCH,CH 
BrCH,CH,SCH; + N—CH(CO;CH;CH3); : 23 
2. aq. NaOH 
Ó 3. aq. НСІ, heat 


HN —CH — CO;H 
| 
CH;CH,SCH; 


methionine 57% yield 
(Eq. 26.10) 
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Вг» 
CH;(CO;CH;CH3); "ca BrCH(CO;CH;CH3); 
4 
O 
BrCH(CO,CH,CHs3), + ІМ: ---- М —CH(CO;CH;CH3); 
K* 
O 
an N-phthalimidomalonic ester 
O 
1. base 
N— CH(CO;CH;CH3); —— N— CR(CO;CH;CH3) 
2. RX 
O 
O 


1. МаОН/Н,О 
2. aq. acid, heat 
O 


Figure 26.8 Malonic ester route for the synthesis of an о-атіпо acid. 


A variation of this procedure uses acetamidomalonic ester rather than phthalimidomalonic 
ester. The preparation of histidine using this approach is shown in Equation 26.11. 


4 сн, CHCO;H 
C 1. МаОСН,СН; N NH 
н.с” ^«NHCH(CO;4CH;CH --------- 2 
3 (CO2CH2CH3)2 2. CHCl ( \ 
| : N N 
acetamidomalonic ester | 
у и 
М histidine 
| 35% yield 
H 
3. hot aq. HCI (Eq. 26.11) 


THe STRECKER SYNTHESIS (APPROACH C) 


We have seen that the hydrolysis of a cyano group is a useful route for the preparation of 
carboxylic acids (see Chapter 21). In principle, therefore, we should be able to prepare о-апипо 
acids by the hydrolysis of &-aminonitriles, as illustrated in Equation 26.12. The o--aminonitriles 
needed for this preparation can be obtained from the treatment of aldehydes with ammonia and 
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cyanide ion (in the form of a salt such as ammonium cyanide, NH4CN). The preparation of 
alanine by this route is shown in Equation 26.13. This method for the preparation of o--amino 
acids is known as the Strecker synthesis. 


hydrolysis 
HN E ax --------- H,N— | = 
R R (Eq 26.12) 
1. aq. HCI, heat 
CH4CHO + NH4CN ——> H2N—CHCN --------> НМ — СНСОН 
| 2. aq. NaOH | 
ethanal CH; CH; 
alanine 
60% yield 

(Eq 26.13) 


THe AzLAcTONE SYNTHESIS (APPROACH D) 


It would be quite convenient to be able to alkylate glycine directly to prepare any of the a- 
amino acids from the prototype. While there would be difficulties in accomplishing the direct 
conversion, we can accomplish this end with a simple initial transformation performed on 
glycine. This transformation involves the dehydrative cyclization of glycine after it has been 
converted to an amide. While we might envision a variety of amides that could be used, the 
general procedure involves conversion of glycine to the N-benzoyl amide (hippuric acid) by 
reaction with benzoyl chloride, as shown in Figure 26.9. Dehydrative cyclization to a com- 
pound of the general category of azlactone is then accomplished by treatment with acetic 
anhydride, also shown in Figure 26.9. The two hydrogen atoms attached to the carbon of the 
azlactone that derive from the a-carbon of glycine are rendered reasonably acidic upon this 
transformation, much as with malonic esters (note the structural similarities). Thus, treatment 
with base and a haloalkane corresponding to the side-chain of the target о-апипо acid allows 
substitution at this site, and the ultimate isolation of the о-апипо acid by hydrolysis of the sub- 
stituted azlactone (also shown in Figure 26.9). 


26.4 REACTIONS OF o-AMINO ACIDS 


GENERAL 


o.-Amino acids undergo many of the reactions typical of amines and carboxylic acids. However, 
in order to cause these typical reactions to occur, it is often necessary to adjust the pH of the 
reaction medium carefully. Remember that o--amino acids exist in different forms depending on 
the pH and that the zwitterionic form is dominant at intermediate pH values. 


AMIDE FORMATION 


Basic conditions are required for the efficient conversion of the amino group of an о-атіпо acid 
to an amide linkage. Under basic conditions the zwitterionic form of the о-атіпо acid is con- 
verted to the anionic form in which the carboxylate group is negatively charged and the amino 
group is neutral. The free amino group thus undergoes the same types of reactions as do simple 
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C,HsCOCI 
H5N — CH, — CO,H — СеН5С(О)МН ја CH, === CO;H 
hippuric acid 
CH5C(O)OC(O)CH; 
H H 
R О H p 
| | 1. Базе | | 
Y 5 Y 
C6H5 СН; 
ап azlactone 
aq. acid 


H ,N— CHR — CO;H 


FicuRE 26.9 The azlactone synthesis of a-amino acids. Glycine is converted into а 
derivative (an azlactone) that is alkylated at the potential o-carbon site and 
then deprotected to generate the o-amino acid. 


amines. For example, the free -NH3 group reacts with acyl halides to form amides. Тһе synthe- 
sis of hippuric acid using this approach is shown in Figure 26.10. 


ESTER FORMATION 


Ester formation is another important reaction of o-amino acids. For example, it is often a nec- 
essary step in peptide synthesis, as we will discuss later. Conditions similar to those used for the 
esterification of simple carboxylic acids serve also for amino acids. For example, we can add an 
alcohol to the o-amino acid in the presence of a strong acid. A large excess of hydrogen chlo- 
ride gas is usually used as the acidic reagent. It protonates the zwitterionic form of the &-amino 
acid, thereby forming a large concentration of the cationic form. The latter contains a free car- 
boxyl group suitable for ester formation. Figure 26.11 illustrates the preparation of the methyl 
ester of phenylalanine using this approach. 

Other strong acids such as benzenesulfonic acid (CsH5SO3H) may also be used in this type 
of esterification reaction. The equilibrium for the ester formation can, as usual, be driven toward 
the product by continuous removal of water using azeotropic distillation (Dean-Stark technique). 
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+ NaOH 
H,N—CH,—CO,  — ——-  H,N—CH,—CO, "Ма 


C,H;C(O)CI 


С «(Н.С(О)МНСН,СО, "Ма 


dilute aq. acid 


C4H4C(O)NHCH,CO;H 


hippuric acid 
8046 yield 


Ғісиве 26.10 The synthesis of hippuric acid from glycine. Hippuric acid (N-benzoylglycine) 


is a biologically occurring material found in horse urine. Its name is derived 
from the Greek words for horse (hipp-) and urine (-uric). It is produced 
biologically from benzoic acid in the diet. It is also present to a small degree 


in human urine (the amount may increase at Thanksgiving because 
cranberries are rich in benzoic acid). 


anhydrous HCI 
C;H5CH, — CH — СО, две LL ND 
| 
NH; NH, СГ 
+ + 
CH40H 
HCI 


dilute, cold 
СеН5СН, — CH — CO;H <-------- . Cg, Hs CH, — CH— CO;CH; 
| aq. NaOH | В 
NH, NH; CT 
+ 


FIGURE 26.11 The synthesis of the methyl ester of phenylalanine. 
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THe NINHYDRIN REACTION 


Ninhydrin (26.1) is a compound that gives a useful color reaction with o-amino acids except for 
proline. If we add а few drops of a dilute solution of ninhydrin in ethanol to a solution of an o- 
amino acid, the original colorless mixture becomes violet. The color test is known as the 
ninhydrin test. It detects the -МН; group of а-апипо acids and proteins. The mechanism of the 
reaction involves imine formation and degradation of Ше о-апипо acid. 


O 
OH 
OH 
O 
ninhydrin 
26.1 


The ninhydrin test is extremely sensitive—it can detect as little as 10-10 mole of an o-amino 
acid. For this reason we need to be extremely careful when performing such tests. Even touch- 
ing a clean sheet of filter paper can transfer sufficient о-апипо acid from the fingers to the filter 
paper to produce a violet color upon spraying the paper with the ninhydrin reagent. 


The Ninhydrin Reaction 


Step 1 An equilibrium is established between the gem-diol form of ninhydrin and the tricar- 


bonyl form. 
O O 
OH 
= O 
<--- 
OH 
O O 
Step 2 The amino group of an o-amino acid forms an imine with the tricarbonyl form of nin- 
hydrin 
O O 
R—CH—CO; HO 
O+ | —— N —CH— CO; 
NH; | 
+ R 
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Step 3 Decarboxylation of the imine occurs to generate a new imine. 


О О 
oO > 
N—CH c о —— — N—CH + СО 
— —C— = + 
— | -7 | 4 
R R 
О О 
О О 
z H30 H 
Ж Шы к=н 
R R 
О О 


Step 4 The imine undergoes hydrolysis to an aldehyde and an amine. 


О О 
H H 
N=CH + НО --- NH, + RCHO 
| 
Е 
О О 


Step 5 The amine group forms an imine with a second molecule of ninhydrin (tricarbonyl form). 


О О О О 
H H 
NH, * о — М 
О О О О 


Step 6 Base deprotonates the imine, forming its conjugate base, which is violet in color. 


charge is highly 
delocalized; 1on is 
violet in color 
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26.5 TH€ SEPARATION AND IDENTIFICATION 
OF о-АМІМО ACIDS 


We mentioned earlier in this chapter that peptides and proteins can be degraded to their o--amino 
acid components by hydrolysis of all of the peptide bonds. Once the individual о-апипо acid 
components have been generated by this means, we can use various analytical techniques to sep- 
arate and identify them and to determine their relative amounts. Paper chromatography is one 
simple laboratory technique that can be used to accomplish this separation and analysis. (Paper 
chromatography is one example of a general method of separation known as absorption chro- 
matography, or partition chromatography. Organic chemists commonly use a variety of other 
absorption chromatographic techniques for the separation and purification of reaction product 
mixtures.) 

In paper chromatography of a peptide hydrolysate, a dilute mixture of the o--amino acids is 
placed as a small spot close to one end of a rectangular piece of chromatography or filter paper. 
The end of the paper is dipped into a solvent so that the solvent rises along the length of the 
paper (by capillary action) passing through the spot containing the analysis mixture and contin- 
uing toward the top of the strip of paper. The individual о-апипо acids dissolve in the solvent 
and are carried up the length of the paper, proceeding different distances depending on their par- 
ticular structures. 

The different о-атіпо acids are thus separated because they are transported different dis- 
tances along the chromatography paper. Their separation depends on their partitioning between 
two solvents. One of these solvents (the mobile phase) is the one in which we dip the paper; 
it moves by capillary action along the paper. The other solvent (the stationary phase) is water 
that is bonded by hydrogen bonds to the interstitial surfaces of the paper. The different о-апипо 
acids become separated because of their different partitioning characteristics between the 
phases and the continual displacement of the equilibrium distribution between the mobile and 
stationary phases. 

We select the mobile phase solvent to emphasize the differences in the solubilities of the a- 
amino acids present. The more soluble an о-апипо acid is in the mobile phase, the further along 
the paper it will be carried. Those with relatively poor solubility in the mobile phase will move 
a relatively short distance along the strip of chromatography paper. 

After performing the chromatographic separation of the o-amino acids, we allow the paper 
to dry and then spray it with the ninhydrin reagent. The о-апипо acids (with the exception of 
proline, of course), which by themselves are colorless, react with the ninhydrin to produce vio- 
let spots at the points to which each has migrated. By measuring the relative distances traveled 
by authentic samples of each о-апипо acid and comparing those distances with the results of the 
separation of the unknown mixture, we can identify the particular oc-amino acids present in that 
mixture. An illustration of the technique is shown in Figure 26.12. 

Paper chromatographic techniques are useful for determining the identities of the 0-атіпо 
acids present in a mixture, but generally not their quantities. In principle, the intensity of the vio- 
let color of the spot on the paper (after treatment with ninhydrin) could be used to determine the 
amount of material that produced that spot (Chapter 25). In practice, however, such analyses 
would be difficult to accomplish with paper chromatography. 

Another type of chromatography, ion exchange chromatography, has been developed and 
is used in an automated instrument known as an amino acid analyzer. This is the method of 
choice for the quantitative analysis of the complex mixtures of о-апипо acids encountered in 
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Performace of the paper After drying and spraying 
chromatographic separation with ninhydrin reagent 


chamber for 
chromatographic 
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и of mobile 
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chromotographic 
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FIGURE 26.12 Paper chromatography in о-атіпо acid analysis. For a given solvent system 
(mobile phase) and type of paper, the distance traveled along the paper by 
the o-amino acid (b) relative to the distance traveled by the solvent (a) is a 
fundamental characteristic of that particular o-amino acid. We refer to the 
ratio b/a as the В; value (retardation factor) for the particular o-amino acid 
under the conditions of measurement. By the comparison of the R; values of 
known o-amino acids апа the unknowns of the analysis mixture, we сап 
determine the identity of the o-amino acids present. 


biochemical research. In this method, the mixture of amino acids is passed through a column 
containing a cation exchange resin. A cation exchange resin is a high molecular weight poly- 
mer with anionic functional groups attached to the polymer backbone. Cations (such as 
protonated amino acids) are free to associate with the water-insoluble, polymer-bound anionic 
sites and to be exchanged with other cations in solution. The amino acid solution is passed down 
the column and eluted under carefully controlled pH conditions. The pH is controlled by using 
a series of aqueous buffers as the mobile phase. At a given pH, each amino acid has a charac- 
teristic passage time through the column and can be identififed accordingly. 

As the o-amino acids emerge from the column, they are mixed with ninhydrin, producing 
the violet-colored ion previously discussed. The intensity of the violet color is measured on a 
spectrophotometer (Chapter 25), and the color intensity is displayed on a chart recorder. Each 
emerging &-amino acid produces a peak on the chart recorder, and the areas of the peaks are pro- 
portional to the amounts of the different о-апипо acids. The ion exchange analysis of a group 
of о-апипо acids is illustrated schematically in Figure 26.13. 

It is also possible to separate o-amino acids using electrophoresis. In electrophoresis, а 
solution of the o-amino acid mixture is placed at the center of a piece of wet paper or a con- 
ducting gel. The paper or gel is moistened using an aqueous buffer solution of a chosen pH. 
Electrodes are attached to the ends to provide a potential difference (voltage drop) across the 
length of the paper ог gel.When the electrical circuit is completed, the о-апипо acids begin to 
migrate away from the center; their direction and rate of motion depend on their charge. 


elution buffer 


mixture of 
amino acids 


cation exchange 


column 


poem 
ninhydrin. ——» =: mixer 
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Figure 26.13 Analysis of ап a-amino acid mixture using automated cation exchange 


FIGURE 26.14 


chromatography. The pH of the eluting buffer solution is changed during the 
elution as indicated. Ammonia is added as a reference. This procedure is 
useful for the quantitative analysis of an o-amino acid mixture obtained from 
the hydrolysis of a peptide or protein. 


lysine glutamic acid 


alanine 


Alik 


Separation of a mixture of lysine, alanine, and glutamic acid by electrophoresis 
at pH = 6. The pH used is close to the pl of alanine; thus, alanine migrates very 
little in this experiment. The pl of lysine is 9.74, well above the pH of the buffer, 
so lysine exists mainly in its cationic form and migrates toward the cathode. On 
the other hand, the pl of glutamic acid is 3.22, well below the pH of the buffer. 
Glutamic acid therefore exists principally in the anionic form at this pH, and it 
migrates toward the anode. 


If an @-amino acid is in its anionic form at the pH used (because its pI is below the pH of 
the buffer), it will migrate toward the positive electrode (the anode). However, if the о-апипо 
acid is in its cationic form (its pI is greater than the pH of the buffer), the &-amino acid migrates 
toward the negative electrode (the cathode). An o-amino acid predominantly in its zwitterionic 
form (pl equal to the buffer pH) migrates very little or not at all. In general, the rate and direc- 
tion of migration of an o-amino acid depend on its pI and the pH of the buffer. Figure 26.14 
illustrates the separation of a mixture of alanine, lysine, and glutamic acid by electrophoresis 


at pH = 6. 
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26.6 PEPTIDE LINKAGES IN SIMPLE PEPTIDES 


Consider the union of the two simplest о-апипо acids, glycine and alanine, through a peptide 
linkage. If there is a peptide linkage between the carboxyl group of glycine and the amino group 
of alanine, we have the dipeptide glycylalanine (26.2), also known as Gly-Ala. On the other 
hand, if the peptide linkage is between the carboxyl group of alanine and the amino group of 
glycine, we have a different peptide, alanylglycine (26.3), also known as Ala-Gly. Notice that 
these dipeptides, like simple amino acids, have both an amino group and a carboxyl group. In 
solution we expect (and find) a distribution of zwitterionic, cationic, and anionic forms similar 
to what we find for simple о-апипо acids. 


H H H 
X N COH 
2 
HN d Seg Жж За "s 
|| /\ 
O H CH; 
glycylalanine 
26.2 
Н СН; Н 
X N COH 
2 
|| /\ 
O Н Н 
alanylglycine 
26.3 


By convention we show the structure of peptides with the amino group (or modified amino 
group) on the left, and the carboxyl group (or modified carboxyl group) on the right. We often 
use the terms N terminus and C terminus to designate these respective ends of the peptide chain. 
Since the chemical structures of large peptides and proteins can be extremely complex, we often 
do not draw them out completely. Instead, we use the notations for individual o-amino acids 
listed in Table 26.1. Using the “three-letter” notation system, the shorthand notation for a pep- 
tide consists of the abbreviations for the constituent o--amino acids listed in sequence from the 
N terminus to the C terminus, left to right. 

Now we will consider a possible complication in peptide structure that is best understood 
with an illustration. The tripeptide glutathione (26.4) is present in almost all living cells. It acts 
as a catalyst in certain biological redox reactions. The three o-amino acids present in glutathione 
are (from the N terminus to the C terminus) glutamic acid, cysteine, and glycine. However, if we 
write the structure of glutathione Glu-Cys-Gly, an ambiguity arises because glutamic acid (26.5) 
has two carboxyl groups, one &- and one y-relative to the amino group. Which carboxyol group 
is involved in the amide linkage to cysteine? Structural analysis of glutathione indicates that it 
is Ше y-carboxyl group. We thus write the structure of glutathione as y-Glu-Cys-Gly to make this 
structural point clear. 
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glutathione 
26.4 


H Сон 


HjN— CH—CO;H 
CH,CH,CO,H 


glutamic acid 
26.4 


Another interesting point arises when we consider the structures of peptides. In addition to 
the amide linkages that join individual o--amino acids in linear chains, there are often additional 
linkages between cysteine residues located at relatively distant points within the peptide chain. 
These linkages are disulfide bridges (-5-5-) that result from the oxidative combination of two 
thiol linkages (-5-Н + H-S-) of the cysteine residues. These disulfide bridges аге a major factor 
in giving particular shapes to peptide chains. 


26.7 THE PRIMARY STRUCTURE OF PEPTIDES AND 
PROTEINS: DETERMINING THE SEQUENCE OF 
CONSTITUENT o-AMINO ACIDS 


The sequence of о-атіпо acids in a peptide or protein is referred to as its primary structure. 
Knowledge of the primary structure of a peptide is of the utmost importance to anyone working 
with these compounds that are so central to all living things. The usual approach for determin- 
ing the primary structure of a peptide involves first hydrolyzing all of the amide linkages to 
establish the identity and amount of each o-amino acid present. This relatively straightforward 
procedure was described in the previous section. More difficult is the task of determining the 
order in which the @-amino acids are present in the parent peptide. To simplify the task of deter- 
mining the primary structure, we again subject a sample of the peptide to conditions that will 
cleave amide linkages. However, our aim now is not a complete breakdown of the peptide into 
its constituent O-amino acids, but rather а partial breakdown into fragments that contain a much 
smaller number of о-апипо acids than the original peptide. This is accomplished by using either 
relatively mild hydrolysis conditions, or, more commonly, enzymes (proteinaceous biological 
catalysts) that facilitate the hydrolysis of only certain types of linkages between a-amino acids. 

Once these peptide fragments have been separated by chromatographic procedures, the 
sequence of o--amino acids in the fragments is determined. Since the fragments are relatively short, 
containing only a few о-апипо acid units, this determination is much easier than attacking the entire 
peptide at once. Having determined the sequences of the fragments, we can then establish the orig- 
inal order of the parent peptide by piecing together overlapping sequences of the fragments. 


1040 ORGANIC CHEMISTRY 


Small Peptides with Biological Activity 


Several small peptides have profound biological activity. Glutathione is one example. Several others 
are noted here. 

Enkephalins. The enkephalins are the body’s natural pain killers. These brain peptides contain five 
о-атіпо acid residues. Two examples are Tyr-Gly-Gly-Phe-Met and Tyr-Gly-Gly-Phe-Leu. These 
peptides act by occupying pain-relief receptor sites in the brain. Some artificial pain killers, such as 
morphine, operate by duplicating the ability of the enkephalins to fit onto these receptor sites. 


HO 
ie 
| 
CH N CH(CH3)CH5CH 
H 3 2 3 
N di N в ЫБ on 
| | | 
С 9 H 
H5N I > 
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Bradykinin. Bradykinin is a nonapeptide found in blood plasma. Its structure is summarized as: 
Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg. Bradykinin plays an important role in the regulation of 
blood pressure. 

Oxytocin. Oxytocin is a hormone secreted by the pituitary gland. It brings about smooth muscle 
contraction, induces labor prior to childbirth, and enhances the ejection of milk from the mammary 
glands. It is used as a drug to facilitate childbirth. The structure of oxytocin, shown below, has two 
interesting features. First, it is a cyclic nonapeptide—a disulfide cysteine linkage completes the ring. 
Second, the C-terminus is not a free carboxylic acid linkage, but is present as the amide. 


Let’s take a look at a very simple example that illustrates this overall procedure. Suppose the 
hexapeptide Gly-Val-Ala-Phe-Leu-Ser is subjected to mild hydrolysis. Mild hydrolysis conditions 
cause some molecules to cleave in one way and other molecules to cleave in a different way. (This 
is a Statistical matter considering a large number of molecules that have available a variety of pos- 
sible hydrolytic pathways which differ by small amounts in their energies of activation.) The peptide 
fragments formed in such a hydrolysis are separated and identified. The fragment structures are then 
written in a way that reveals overlapping ot-amino acid sequences. As shown in Figure 26.15, the 
overlapping &-amino acid sequences allow a reconstruction of the original hexapeptide structure. 

Proteolytic enzymes, biological catalysts that facilitate the scission of particular amide 
linkages of peptides, are often used to accomplish the partial hydrolysis of a peptide. (The word 
proteolytic means “protein-cleaving.”) Some of the commonly used proteolytic enzymes are 
listed below with their reaction characteristics. 


* Carboxypeptidase Carboxypeptidase is an enzyme that specifically catalyzes the 
hydrolysis of an amide linkage to a C-terminal о-атіпо acid. 


* Chymotrypsin Chymotrypsin selectively catalyzes the hydrolysis of amide linkages 
involving the carboxyl carbon atom of о-апипо acids containing a benzene ring in the 
side chain, that is, phenylalanine, tryptophan, and tyrosine. 


* Trypsin Trypsin selectively catalyzes the hydrolysis of amide linkages involving the 
carboxyl carbon atom of the basic о-апипо acids lysine and arginine. 


* Aminopeptidase Aminopeptidase acts as a catalyst for the hydrolysis of the amide 
linkages of terminal о-апипо acids possessing a free amino group. 


* Thermolysin Thermolysin acts as a catalyst for the hydrolysis of amide linkages involving 
the carboxyl carbon atom of isoleucine, leucine, and valine. 


Gly-Val 
Gly-Val-Ala 
fragments Val-Ala-Phe 
Ala-Phe 
Ala-Phe-Leu 
Phe-Leu-Ser 
Leu-Ser 
original sequence Gly-Val-Ala-Phe-Ley-Ser 


Figure 26.15 Determining the original primary structure of a hexapeptide by reconstruction 
of fragments from its partial hydrolysis. 
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How do we obtain these enzymes? Proteolytic enzymes are found in the gastrointestinal tract of 
animals, where their combined action is responsible for hydrolyzing dietary proteins to the free œ- 
amino acids. In structural elucidation, we use such enzymes to facilitate the cleavage of the peptide 
into fragments sufficiently short to allow determination of the sequence of the contained о-апипо 
acids with relative ease. (The perspicacious student will recognize some inherent difficulties asso- 
ciated with using such enzymes. For example, these enzymes are cannibalistic; that is, they will 
facilitate hydrolysis of other units of their own kind—one molecule of trypsin will be capable of 
hydrolyzing at specific sites another molecule of trypsin, thereby destroying its activity. Given this 
characteristic, we must be careful not to use too much of the proteolytic enzyme such that fragments 
would be generated in sizable quantity, not from the target peptide, but from trypsin itself.) 

Partial hydrolysis of a peptide using proteolytic enzymes generally leads to rather long pep- 
tide fragments. A method devised by Pehr Edman of the University of Lund (Sweden) proves to 
be very useful in sequencing these long fragments. The Edman degradation procedure has 
been automated, adding to its convenience. 

The Edman degradation is based on two fundamental steps. The long peptide fragment is 
first treated with phenyl isothiocyanate (26.6). An addition reaction occurs between the phenyl 
isothiocyanate and the free amino group at the N terminus of the peptide. It produces a deriva- 
tized form of the peptide, as shown in Figure 26.16. 


N=C=S 


phenyl isothiocyanate 


26.6 
| 
HN C remainder of 
iu Үш 7 peptide chain 
R 
C&;H5N = С =S 
4 
| 
СеН5МН с“ Ns сн” С remainder of 
ll | peptide chain 
S R 


FIGURE 26.16 Addition of phenyl isothiocyanate to the М terminus of a peptide. The type 
of derivative formed is known as a thiourea. A nitrogen-hydrogen bond of 
the amino group adds across the carbon-nitrogen double bond of the 
phenyl isothiocyanate. 
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When this derivatized peptide is treated with trifluoroacetic acid (anhydrous), cleavage of the 
amide linkage between the М terminal o-amino acid (the derivatized site) and the adjacent 
а-апипо acid occurs, leading to the formation of two fragments. One fragment is derived from 
the original М terminal o-amino acid, and the other is the remainder of the peptide with the М 
terminal &-amino acid removed. The derivative of the original М terminal o-amino acid is 
known as a phenylthiohydantoin derivative, and we are able to identify its o-amino acid pre- 
cursor according to its own chromatographic characteristics. 

The new, shortened peptide is then subjected to another cycle of the Edman degradation to 
determine the identity of the new N terminal о-апипо acid. In this way we sequentially remove 
and identify &-amino acids from one end of the peptide (the N terminus). The overall procedure 
for two cycles of the Edman degradation is illustrated in Figure 26.17. 

In principle, we can continue the Edman degradation procedure until we have worked our 
way along the entire peptide chain. In practice, this is possible only if the peptide chain is of 
an experimentally reasonable length (no more than about 50-60 о-апипо acids). Problems 
arise in working with longer peptides because we end up working with extremely small 
amounts of material, and side products begin to accumulate and obscure the interpretation of 
the results. If we need to sequence a very long peptide, we first use proteolytic enzymes to 
cleave it into smaller fragments conducive to the Edman degradation. Then, the method of 
overlapping sequences can be used to deduce the structure of the original peptide chain. 

The perspicacious student will also note an additional difficulty that can be overcome 
without too much difficulty. We noted previously that the phenyl isothiocyanate would react 
with the free amino group at the N terminus of the peptide. Would it not also react with free 
amino groups on the side chains along the peptide, such as lysine residues? The answer is a 
decided, Yes! However, this does not produce a significant problem for us in analyzing a pep- 
tide. Such side chains modified by their reaction with phenyl isothiocyanate are not in position 
to yield a cleavage product upon treatment with trifluoroacetic acid. Thus, the side chain of a 
lysine residue simply has the adduct portion 
attached and the phenylthiohydantoin derivative Chemical Bio д гарһу 
ultimately formed is modified correspondingly 


in its R group. РЕНЕ VICTOR EDMAN 
The pioneering work in peptide sequencing 
; ; b. 1914 
was extremely difficult and tedious. A notable d. 1977 
landmark was achieved in 1953 by Frederick MD. aro ара etiidi 
Sanger, a researcher at Cambridge University in (Jorpes) 1946 


England. In that year Sanger published his find- 
ings on the o-amino acid sequence of insulin, a 
hormone having 51 о-апипо acid residues. All of 
this work was done without the aid of the auto- 
mated  sequencers available today. The 
determination of the primary structure of insulin 
was a crucial step in demonstrating that the 
molecular structures of large molecules could be 
determined, and it led to the automated proce- 
dures we use today. With these automated 
procedures it is possible to determine the primary 
structure of peptides containing more than a thousand o-amino acids. In 1958 Sanger was 
awarded the Nobel prize for his work in determining the primary structure of insulin. 


FREDERICK SANGER 


Ph.D. Cambridge University 
(Neuberger) 1943 


Nobel Prize (Chemistry) 1958, 
(Chemistry) 1980 
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Figure 26.17 The Edman degradation of a peptide. The М terminal o-amino acids are 
derivatized with phenyl isothiocyanate and are cleaved sequentially. In this way 
we determine the primary structure of the peptide starting at the N terminus. 
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Special Topic 


Insulin 


The structure shown above is that of human insulin. It consists of two peptide chains joined by 
disulfide bridges. Each chain is numbered from the N terminus. The A chain contains 21 о-апипо 
acids, and the B chain contains 30. Insulin species from other animal sources have a very similar 
sequence of о-апипо acids. Generally, only two regions аге found to differ among the mammalian 
insulins. One region involves the o-amino acids 8-10 on the A chain, and the other involves the C 
terminus of the B chain. These variations are summarized below. 


Species А8 А9 А10 B30 
Human Thr Ser Ile Thr 
Pig, dog, sperm whale Thr Ser Ile Ala 
Horse Thr Gly Ile Ala 
Bovine Ala Ser Val Ala 
Sheep, goat Ala Gly Val Ala 


These similarities have made it possible to treat many human diabetics with insulin isolated from 
the pancreas of cows and pigs. 

Insulin's role in the body is the regulation of the blood sugar level. In a healthy human, a rise in 
blood sugar level triggers the production of insulin by the pancreas. Insulin in turn reduces the blood 
sugar level by stimulating the passage of glucose out of the blood and into cells. There the sugar can 
be used in exoergic processes to produce energy for other functions of life, be converted to fat, or 
polymerized and stored as glycogen. If insulin is not produced by the pancreas, a condition of 
hyperglycemia (high blood sugar) is said to exist. 
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In one form of diabetes the body produces no insulin at all. In another form, insulin is formed but 
does not trigger an appropriate level of biochemical response. If no insulin is produced at all, injec- 
tions of insulin are needed to ward off hyperglycemia. Injections may also help a patient whose own 
insulin production is insufficient to achieve the proper level of biochemical response. On the other 
hand, if the production of insulin by the pancreas is excessive, hypoglycemia (low blood sugar) 
results. This condition, like hyperglycemia, is dangerous and requires medical attention. 


26.8 THE SECONDARY STRUCTURE OF PEPTIDES AND 
PROTEINS 


The sequence of 0-атіпо acid residues in a peptide or protein is referred to as the primary 
structure. In a polypeptide chain there are many bonds, and therefore many different possible 
conformations that could result from rotations about those bonds. However, we find that each 
protein generally has a preferred, fixed geometric structure (a preferred conformation). We use 
the term secondary structure to describe any fixed arrangement of the polypeptide chain. 

The specific shapes adopted by peptide chains are rooted in the geometry of the amide bond 
itself, and in the interactions that can occur between о-апипо acid residues in different regions 
of the peptide chain. 

Consider first the geometry of the amide linkage. X-ray crystallography indicates that the atoms 
immediately associated with the carbon-nitrogen bond of the amide linkage all lie in the same plane. 
The geometry of the amide linkage of the peptide is illustrated in Figure 26.18. Notice that the bond 
angles about the amide nitrogen are close to 120°. These angles and the planar geometry about the 
nitrogen suggest that the hybridization scheme for the nitrogen atom is sp?. This hybridization 
allows significant resonance delocalization (and stabilization), as shown in Figure 26.19. 

Given that rotation is restricted about the carbon-nitrogen amide bond, we recognize that 
cisoid and transoid conformations (see Figure 26.20) should be possible, similar to the situation 
with alkenes. Moreover, we expect (and find) that the transoid conformation is the more stable 
one, just as it is with alkenes. 


FIGURE 26.18 The amide linkage in a peptide. In the amide linkage, the atoms of the 
carbon-nitrogen bond and the four atoms immediately bound to them all lie 
in the same plane (shown here as the plane of the paper). Typical bond 
angles and bond lengths are also shown. 
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FIGURE 26.19 Resonance delocalization in an amide linkage. The linkage is best viewed as 
a resonance hybrid of the two structures shown. The carbon-nitrogen bond 
has some double-bond character, which restricts its rotation about the 
carbon-nitrogen bond. This point is important for the three-dimensional 
geometry of peptides. 


transoid cisoid 


Figure 26.20 The transoid and cisoid conformations of amide linkages. The transoid 
conformation is the more stable of the two possibilities. 


In the transoid conformation, it is impossible for the hydrogen attached to nitrogen to 
participate in hydrogen bonding with the carbonyl oxygen of its own amide linkage. This point is 
crucial for the secondary structure of proteins. The carbonyl oxygen and the hydrogen attached 
to nitrogen are thus left free to participate in hydrogen bonding with other amino sites along the 
polypeptide chain. Because hydrogen bonding is a stabilizing interaction, we can anticipate that 
the polypeptide chain will bend or coil to maximize these hydrogen bonding interactions with 
more distant sites. One type of structure known аз an о-ћенх coil was originally proposed by 
Linus Pauling and Robert Corey, and is commonly found with peptide chains. The o-helix struc- 
ture is shown in Figure 26.21. In o-helical structures, appropriate o-amino acids three or four 
positions apart along the peptide chain are in position to engage in hydrogen bonds with each 
other. These hydrogen bonds fix the peptide chain in the о-ПеПса! conformation. The peptide 
chain naturally takes up this conformation because it provides greater stabilization than a random 
twisting of the chain. 
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FIGURE 26.21 Three representations of the right-handed a-helix of a polypeptide. This 
coiled structure is commonly adopted by polypeptides or portions of the 
chains of polypeptides. Hydrogen bonding occurs between o-amino acids 
three or four positions apart along the chain. These hydrogen-bonding 
interactions stabilize and maintain the conformation. 


Е ИА, 


FIGURE 26.22 The supercoiling of three a-helices т the keratins of hair and wool. 


Earlier in our discussions of stereochemistry (Chapter 8) we noted that helical objects have 
an inherent chirality. In principle, the helical conformation adopted by a polypeptide chain could 
be left-handed or right-handed. A right-handed helix twists away from you and a left-handed 
helix twists toward you if you turn the helix clockwise. (Think of right-handed and left-handed 
screws as an analogy.) For peptides composed of L-a-amino acids, Ше right-handed helix 15 
more stable than is the left-handed helix. The two forms have different stabilities because they 
are diastereoisomeric. 

In many proteins, large portions of the peptide chains consist of o-helix conformations. Two 
important examples are the oxygen-carrying proteins hemoglobin and myoglobin. More than 50% 
of their peptide chain regions are coiled into an о-ћенх structure. In some molecules, several 
a-helices coil about one another, as shown in Figure 26.22. Not all peptide chains adopt an o-helix 
conformation. 

Another common ordered arrangement for peptide chains is known as the D-sheet, ог 
pleated sheet. In the pleated sheet conformation, hydrogen bonds link the о-апипо acids of one 
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Figure 26.23 Pleated sheet structure of protein chains. The pleated sheet structure 15 
stabilized by hydrogen bonds between o-amino acids that lie opposite each 
other in adjacent chains. The side chains lie above and below the plane of 
the pleated sheet. 


peptide chain with those of another peptide chain. An illustration of the pleated sheet is shown 
in Figure 26.23. 

The different physical characteristics of wool and silk can be traced to differences in the sec- 
ondary structures of their peptide chains. Wool is flexible. We can stretch it a significant distance 
without breaking it, and it returns to its original length when the tension is removed. The 
polypeptide chains of wool are arranged in о-ПеПса! form. We can stretch wool easily because 
all we need to do is break the hydrogen bonds along the turns of the о-ПеПх. Releasing Ше 
tension allows the hydrogen bonds and the favored conformation to reform. 

In contrast, the polypeptides in silk are arranged in the pleated sheet conformation. In the 
pleated sheet there are hydrogen bonds between each pair of o--amino acids on adjacent chains. 
The resulting structure is relatively inflexible. Even if we break a few hydrogen bonds, many 
others remain intact to provide rigidity to the structure. Accordingly, silk (unlike wool) is rela- 
tively resistant to stretching. 


26.9 TH€ TERTIARV STRUCTURE OF PROTEINS 


The tertiary structure of a protein refers to its overall three-dimensional shape. The hydrogen 
bonding interactions discussed in the context of secondary structure certainly contribute to this 
overall shape. However, other types of interactions are also important. Interactions among the 
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FIGURE 26.24 The folding of a polypeptide to place hydrophobic side chains in a position 
away from the surrounding water. The hydrophobic side chains are 
indicated by the circled R sites, and the regions occupied by water the 
surrounding areas. Water is unable to penetrate the folded regions of 
the polypeptide in which the hydrophobic groups are held. 


side chains and between the side chains and the surrounding solvent (water) molecules are of 
particular significance. 

Let's consider some examples. Several of the biologically occurring о-атіпо acids con- 
tain nonpolar side chains. Two examples are alanine (СНз) and phenylalanine (-СН.С«Н;). 
We say that such side chains are hydrophobic (water fearing); they do not undergo bonding 
interactions with the polar water molecules. We generally expect water-soluble proteins to 
adopt a shape that places as many hydrophobic side chains as possible away from the surface 
of the protein where they would be in contact with water molecules. That is, we expect 
hydrophobic side chains to be turned to the inside of the protein conformation, away from the 
surrounding water. Furthermore, we would expect the protein to adopt a shape that places 
hydrophobic side chains from different parts of the molecule in close proximity to each other 
(see Figure 26.24). 

Conversely, polar side chains, such as those in serine and aspartic acid, are hydrophilic, 
(water loving). Hydrophilic side chains can easily form hydrogen bonds with water molecules. 
Thus, we expect that the proteins will fold so as to place the hydrophilic side chains on the 


Special Topic 


Hydrophpobic and Hydrophilic Interactions 


Clearly, most would agree, molecules are not sentient beings capable of human emotions such as fear 
and love. In spite of this, we refer to them as having hydrophobic (fear of water) and hydrophilic (lov- 
ing water) characteristics. So, what do we really mean when we say a protein has hydrophobic regions? 
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We say that a molecule (or a region thereof) is hydrophobic if it is incapable of participating in 
stabilizing interactions (i.e., dipole-dipole, hydrogen bonding) with surrounding water. The fact that 
it is incapable of stabilizing interactions renders it incapable of dissolving in water and of being sol- 
vated by water. 

We can think of several aspects concerning the energetics involved with the total process of sol- 
ubilization: 1) there is an energy cost to the system that relates to the breaking of hydrogen bonding 
interactions among water molecules in order to provide space in which the species to be solubilized 
is to fit - this is a large energy cost as water molecules bind tightly to each other by extensive hydro- 
gen bonding; 2) there is an energy cost to the system for separating units of the species to be 
solubilized from each other—this is relatively small (van der Waals type interactions) for the non- 
polar portions of a protein (or some other species) interacting with each other; 3) there is an energy 
gain when the solubilized species interacts with the surrounding water molecules—if the species is 
polar or ionic, this can be large, but quite small if the only interactions possible are van der Waals 
interactions. 

The latter situation of the third energy consideration is what is found with the non-polar portions 
of proteins interacting with water; after a relatively large energy cost to make the hole in the solvent, 
very little energy is gained at the end. Overall, the process is endoergic, and thus unfavorable. This 
is what we mean when we use the term hydrophobic—there is no fear or repulsion, but rather the 
energetic favorability of interacting with water is absent, and (to be yet again anthropromorphic about 
it) the non-polar portions of the protein (or whatever) prefer to remain in their energetically more 
favorable locations near to each other rather than to participate in the energetically unfavorable (for 
them) process of becoming solvated by water. 

When we say a system is hydrophilic it means simply that the process of solubilization is ener- 
getically more favorable than remaining separated. That is, for our third energy consideration, 
significant energy is gained making the overall process of solubilization exoergic. 


outside surface, in position to participate in stabilizing hydrogen bonding with surrounding 
water molecules. 

We can see several different types of protein shape existing with different specific pro- 
teins. For example, globular proteins are those adopting a nearly spherical or elliptical 
shape as a result of their containing a significant number of hydrophobic side chains, all (or 
most) of which are able to be turned to the inside of the globular structure with the relatively 
few hydrophilic side chains being turned to the outside of the globular structure where they 
are able to interact with the surrounding water. Such globular proteins with more hydropho- 
bic than hydrophilic side chains adopt their particular structure in order to minimize their 
surface area that will be in contact with the surrounding aqueous medium. (In general, the 
shape providing the minimal surface area for a given volume will be a sphere, thus the spher- 
ical or elliptical shape for such proteins.) 

Several other types of interactions among the side chains contribute to tertiary structure. 
These interactions are summarized below. 


¢ Electrostatic attractive forces between positively charged ammonium ion sites and nega- 
tively charged carboxylate anion sites can exist between the side chains of o--amino acids 
having free amino or carboxyl groups. Such attractions occur with o--amino acids such as 
lysine, arginine, glutamic acid, and aspartic acid. 


+ Two or more acidic o--amino acids can be linked through interaction mediated by a metal 
cation. These interactions are referred to as salt bridges (see Figure 26.25). 
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Figure 26.25 A salt bridge between acidic side chains along a peptide chain. Coordination of 
the carboxylate groups with a metal ion binds two regions of the peptide chain. 
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FigurE 26.26 Hydrogen bonding between side chains of a-amino acids. 


* Hydrogen bonding can occur between donor and acceptor sites of the side chains. An 
example is shown in Figure 26.26. 


* Disulfide bridges can join cysteine residues, as shown previously in the structure of 
insulin. 
Figure 26.27 shows a schematic representation of the various types of interactions that con- 
tribute to the tertiary structure of proteins. 


26.10 OXYGEN BINDING PROTEINS AND 
QUATERNARY STRUCTURE 


We mentioned previously that some protein molecules contain portions that are not polypeptide 
in nature. These portions are referred to as prosthetic groups. Important examples of nonpeptidic 
prosthetic groups are found in the oxygen carrying proteins myoglobin and hemoglobin. 

Diving mammals such as whales and seals use large quantities of myoglobin to store oxygen 
in muscle tissues. Myoglobin consists of a peptide chain and a nonpeptidic prosthetic unit. The 
peptide chain of myoglobin is composed of 153 а-апипо acid residues. Тһе nonpeptidic pros- 
thetic group, which is the site of oxygen binding, is known as the heme group. Heme is also 
present in the oxygen-carrying protein hemoglobin. 
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FIGURE 26.27 Interactions providing tertiary structure to a protein. 


Heme consists of a planar ring system containing interconnected pyrrole units. At its center 
is an iron atom in the +2 oxidation state. The ring of the heme serves as a tetradentate chelating 
ligand that holds the iron in place. An iron atom in the +2 oxidation state can accommodate a 
total of six ligands, Interaction with the pyrrole nitrogens of the heme fills four of these ligand 
sites. The remaining two sites lie above and below the plane of the heme ring. When both of 
these sites are occupied, there is an appropriately octahedral distribution of six atoms about the 
central Fe(II) atom. In myoglobin, a nitrogen atom of a histidine residue in the polypeptide chain 
fills the site on one side of the plane of the heme ring. The sixth position is available for bind- 
ing to an oxygen molecule, again utilizing a histidine residue of the peptidic portion of the 
myoglobin. The detailed structure of the myoglobin molecule (its molecular architecture) 
ensures that the oxygen can bind effectively and reversibly to the Fe(II) site. When the oxygen 
is coordinated with the Fe(II) site in the heme unit, it is in its “stored” form, but is capable of 
facile release when required for metabolic oxidations. Figure 26.28 shows the heme unit and its 
binding to oxygen. 

Hemoglobin is another oxygen-carrying protein species. Hemoglobin constitutes ~90% of 
the protein in red blood cells. Its structure is considerably more complex than that of myoglo- 
bin—it has four peptide chains and four heme units (compared to one each for myoglobin). The 
peptide chains of hemoglobin are of two types: there are two identical chains of 141 o--amino 
acids each (known аз a-chains), and two identical chains of 146 о-атіпо acids each (known as 
B-chains). One heme unit is held within each of the four polypeptide chains. 


(a) 
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Figure 26.28 Heme and myoglobin. (а) The structure of the heme ring with Fe(II) 


coordinated in the center. (b) The coordination of Fe(II) with the heme ring and 
a histidine residue from the polypeptide chain in the absence of oxygen. Note 
that the Fe(II) is slightly out of the plane of the heme ring. (с) The coordination 
of the Fe(II) with an oxygen molecule. A second histidine residue from the 
polypeptide coordinates with the oxygen as well as does the Fe(II) site. In this 
situation Fe(II) is hexacoordinated. 


CHAPTER 26 + Амімо ACIDS, PEPTIDES, AND PROTEINS 1055 


Hemoglobin, unlike myoglobin, has a quaternary structure. The term quaternary structure 
refers to the way in which the individual peptide chains of a complex protein pack together. 
(A protein with only one polypeptide chain can not have a quaternary structure.) Hemoglobin 
consists of four globular units, each containing a heme prosthetic unit. As in myoglobin, the 
heme group is located in a crevice near the surface of the molecule. Interestingly, the four pep- 
tide chains of hemoglobin with their respective heme units pack in a tetrahedral array about the 
center of the entire molecule. 

The protein and heme structure of hemoglobin is such that oxygen can bond and be released 
efficiently. Even miniscule changes in the total structure can severely compromise the ability of 
hemoglobin to perform its oxygen-carrying task. Sickle-cell anemia is an example of a genetic 
disease in which a modification of the peptide structure of hemoglobin has a seriously deleteri- 
ous effect. In the hemoglobin of individuals afflicted with sickle-cell anemia, a single о-апипо 
acid in each of the B-chains is different from that in normal hemoglobin. The sixth o-amino acid 
from the N terminus is glutamic acid in normal hemoglobin, but is valine in individuals suffering 
from sickle-cell anemia. The presence of a hydrophobic о-апипо acid (valine) in the place of an 
acidic one (glutamic acid) in a region of the protein normally exposed to the external surface (near 
the external water) results in a crucial change in the shape of the protein. In Chapter 28 we will 
consider in more detail the chemical nature of genetic diseases. 

Notice that the biological function of myoglobin and hemoglobin depends on the ability of 
an oxygen molecule to act as a ligand binding to Fe(II). If another ligand binds instead of oxy- 
gen, it can prevent the molecule from serving its oxygen-carrying function. Carbon monoxide is 
an extremely toxic substance simply because it binds more strongly to Fe(II) than does oxygen. 
Carbon monoxide quickly saturates all of the available hemoglobin binding sites (producing car- 
boxyhemoglobin). Oxygen starvation, and ultimately death, is the result. 


26.11 THE SYNTHESIS OF PEPTIDES 


GENERAL 


How can we synthesize a polypeptide chain and ensure that the constituent o-amino acids are 
connected in the correct order? Two types of synthetic methodology are currently used. The first 
approach, which will be the focus of our discussion here, uses synthetic strategies based on 
processes introduced in earlier chapters. A second approach involving recombinant DNA tech- 
niques, which are at times referred to as genetic engineering, will be discussed in Chapter 28. 


THE OVERALL STRATEGY INVOLVED IN PEPTIDE SYNTHESIS: 
PREPARATION OF A DIPEPTIDE 


A brief analysis of the synthesis of even a simple dipeptide reveals that considerable ingenuity 
is required to devise an efficient route for peptide synthesis. Suppose we want to devise a syn- 
thesis of alanylglycine (Ala-Gly). Clearly we must start with alanine and glycine and arrange for 
them to couple in the proper sequence. 

You should recall from our earlier discussions (Chapter 21) that dicyclohexylcarbodiimide 
(DCC) is an effective reagent for the dehydrative coupling of carboxylic acids and amines to 
form amides. Perhaps we could simply treat a mixture of alanine and glycine with DCC under 
the appropriate conditions to produce Ala-Gly? Unfortunately, it is not that simple. The 
approach would produce some Ala-Gly, but its efficiency is doomed to be low because it is 
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possible for four different dipeptides to be formed—Ala-Gly, Ala-Ala, Gly-Ala, and Gly-Gly. 
Moreover, there is nothing to prevent coupling of these dipeptides with other molecules of ala- 
nine or glycine (or dipeptides themselves) to form higher peptides. 

All of these coupling reactions will occur simultaneously and with similar efficiencies. Even 
under the best of circumstances, we would not expect better than a 2596 yield of the target Ala- 
Gly. Clearly, such inefficiency can not be tolerated in the preparation of long polypeptide chains. 
If we recover only 25% of the target material after each cycle of coupling, we would isolate only 
а miniscule yield of polypeptide after just five о-апипо acid residues were joined! The decreas- 
ing yield after successive couplings is shown schematically in Figure 26.29. To improve this 
situation we need to use protecting (or blocking) groups to prevent the undesired coupling reac- 
tions from occurring. We will see how this approach can provide an efficient synthesis of 
Ala-Gly from alanine and glycine. 

Alanine is to be the N-terminal unit of the dipeptide. Therefore, we need to protect the amino 
group of alanine prior to coupling to ensure that it will not participate in any coupling interac- 
tions of its own. An amino group is usually protected by converting it to a tert-butyl or benzyl 
carbamate linkage. Figure 26.30 shows this procedure for alanine. This reaction protects the ala- 
nine amino group and thus allows the alanine molecule to enter into amide bond formation only 
through its carboxyl group. 

At this point several options are available. We can choose to use DCC as a dehydrative cou- 
pling agent, in which instance we would need to protect the carboxyl group of glycine prior to 
coupling with N-t-BOC-Ala. If we did not protect the glycine carboxyl group, a significant 


Cumulated Yield 
Ay + А» —— А-А; 25% 
A;— А» + Аз -->- Ај A, — Аз 6.25% 
Ај A, — Аз + A4 | A,— A, — A3— Ад 1.56% 


A,;— А; — À3—— Ад + As — Ау А; — A3— А4— As 0.39% 


Figure 26.29 Cumulative yield of successive coupling reactions. After four coupling 
reactions, each with only a 25% yield, the overall yield of the pentapeptide 
would be only 0.39%. 


O 
7 [ 
| „С (СНСО 7 ~NH—CH—CO,H 
СН; (CH3),CO N3 | 
СН; 
alanine t-butylazidoformate N-t-BOC-Ala 


Figure 26.30 Protection of the amino group of alanine prior to coupling. Other protecting 
groups may also be used. The protecting group shown is commonly referred to 
as t-BOC. 


CHAPTER 26 + Амімо ACIDS, PEPTIDES, AND PROTEINS 1057 


amount of Gly-Gly would be generated in the reaction. Alternatively, we can activate the 
carboxyl group of the N-t-BOC-Ala so that it will readily form an amide linkage when 
challenged with a free amine. We will consider both of these approaches. 

If we wish to perform a dehydrative coupling (such as with DCC) to generate Ala-Gly, the 
carboxyl group of the glycine must be protected. One way to do this is by forming an ester at the 
glycine carboxyl group. An example of this approach is shown in Figure 26.31. Remember that 
when we add a protecting group we must be able to remove it with relative ease. In addition, we 
must not cleave the target linkage for generation when we remove the protecting groups. 

After protecting the glycine carboxyl group, we are ready for the dehydrative coupling step. 
The protecting group allows only the sequence Ala-Gly to be generated. Deprotection to isolate 
the target material is accomplished by adding anhydrous trifluoroacetic acid. These steps are 
shown in Figure 26.32. 


HSO, 
H,N—CH,— COH + (СНС = CH, — НМ --СН, m CO; — C(CH3); 


glycine t-butyl ester 


FIGURE 26.31 Protection of the carboxyl group of glycine. 


О 
| 
(СНсо 7 Da + H,N—CH,—CO,—C(CH3), 
CH, 


DCC 


O 
с | 
CH; 


CF4CO;H 


|| 
м м сози 
CH; 


Ala-Gly 


FIGURE 26.32 Coupling and deprotection in the synthesis of Ala-Gly. 


1058 ORGANIC CHEMISTRY 


COCL, Tt HO—CH;CH(CH) 


phosgene isobutyl alcohol 
O | 
| | 
(CH3);CO— ~NH—CH—CO,H + C 
Сй, а” ~OCH,CH(CH;); 
isobutyl chloroformate 


О 
с | || 
(СНСО 7 NH -ен--с —O—C—OCH,CH(CH;), 


CH; 


Figure 26.33 Preparation and use of isobutyl chloroformate. Isobutyl chloroformate is 
prepared by reaction of isobutyl alcohol with one equivalent amount of 
phosgene. The remaining chloride site is reactive with nucleophiles such as a 
carboxylate group. Reaction with a carboxylic acid forms an anhydride, an 
active form of the carboxylic acid, for derivative formation. 


Alternatively, we can perform a preliminary activation of the carboxyl group of the protected 
alanine to facilitate amide formation. Several methods for performing this activation are avail- 
able. In one method a reactive anhydride linkage using a partial ester/partial acid chloride 
derivative of carbonic acid is formed. The preparation and use of isobutyl chloroformate, a com- 
mon reagent of this type, is illustrated in Figure 26.33. 

Once the carboxyl group has been activated in this manner, it is ready for amide formation 
upon treatment with an &-amino acid. The amino group of the о-апипо acid serves as a nucle- 
ophile to attack the anhydride linkage forming the amide. Protection of the carboxyl group of 
the attacking о-апипо acid is not required in this instance since the amino group is much more 
nucleophilic than is the carboxylic acid group. The overall procedure, including the final depro- 
tection, is shown in Figure 26.34. 

Each of these approaches requires several laboratory operations, the actual coupling of the 
а-апипо acid being only one. Can these strategies be applied fruitfully to the synthesis of long 
polypeptide chains? Very high yields are required at every stage of the procedure, or else the 
overall yield will be miniscule. Suppose that by working with protecting groups we achieve a 
yield of 80% for each cycle of reactions that adds one o-amino acid to the growing polypeptide 
chain. This yield would seem to be a significant improvement over the 25% we previously con- 
sidered. However, in practical terms, we are still in trouble. Our overall yield would tumble to 
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о 
|| n 
C 

(CH44CO-— ^NH— сн C—O—C—OCH,CH(CH;), 


CH; 


+ H5N — CH, - CO;H 


О 
MEN 
(СНз)зСО =н нисан о 
CH; 


сымнан = СО 
CH; 
Ala-Gly 


Ғісиве 26.34 Peptide formation using an activated ester procedure with final deprotection. 


only ~10% after the nine cycles required to prepare a decapeptide. The difficulties involved are 
still quite formidable. 

In spite of these difficulties, Vincent de Vigneaud accomplished the synthesis of 
oxytocin (a nonapeptide) in the early 1950s. This accomplishment was acknowledged by his 
being awarded a Nobel prize. In Ше early1960s the synthesis of insulin (51 о-апипо acid 
residues) was reported. However, the work was tedious and incredibly time-consuming. The 
procedure involved the performance of hundreds of consecutive reactions with purification 
at every step. 

If we wish to prepare very long polypeptide chains, we require extrodinarily high yields for 
each reaction, along with a means to facilitate purification. At this stage in your organic chemistry 
laboratory career you realize that an 8096 yield is generally considered quite good. To synthesize 
complex polypeptides, we need an approach that will give us yields in the 99+% range at each 
stage with simple operational and purification procedures. 
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THe SOLID-PHASE SYNTHESIS OF PEPTIDES 


Professor R.B. Merrifield of Rockefeller University was responsible for the revolutionary 
advance needed to solve these problems in the synthesis of polypeptides. Merrifield concluded 
that conventional laboratory procedures would not suffice for this type of preparation. Small 
losses of material during extraction, filtration, and other work-up procedures are unavoidable, 
and their cumulative effect was intolerable for these syntheses. Merrifield’s developmental idea 
was to build the polypeptide chain on a solid, insoluble support. 

The overall procedure can be summarized as follows. First, one o-amino acid residue is 
attached to an inert solid support. Then, а suitably protected second о-апипо acid is added by a 
coupling reaction. This procedure is repeated, with intervening necessary partial deprotection 
steps, until the entire polypeptide chain has been built attached to the inert solid support. After 
each reaction, reagents and by-products are rinsed away. None of the developing polypeptide is 
lost because it remains chemically anchored to the insoluble support. Finally, the polypeptide 
chain is chemically removed from the inert solid support after it has been fully assembled. 

This scheme lends itself to mechanization. In 1969 Merrifield described the use of a protein- 
synthesizing machine for the synthesis of the enzyme ribonuclease, a polypeptide containing 
124 о-апато acid residues. The synthesis involved 369 separate chemical reactions and almost 
12,000 separate operations. The overall yield was 17%, meaning that each of the 369 reactions 
had an average yield of 99.5%. The synthesis took only six weeks to accomplish. Merrifield was 
awarded the Nobel prize in 1984 for his efforts. 

A modified form of polystyrene is used as the solid support for most solid-phase syntheses. 
(In the polymerization of styrene to generate the solid material used, a small amount of 
1,4-divinylbenzene is added resulting in crosslinking of the polystyrene chains and giving an 
insoluble character to the polymer.) This polymer is then modified by the (electrophilic aro- 
matic) substitution of a chloromethyl group onto ~10% of the phenyl rings of the polystyrene. 
The “Merrifield polymer” may be summarized as having a structure as shown in Figure 26.35. 

In performing a peptide synthesis using the Merrifield method, we begin with the C termi- 
nus of the chain. The o-amino acid located at Ше C terminus is used in its amino-protected form 
(e.g., аз the t-BOC derivative) and converted to its anionic form using base. This anionic form 
is brought into contact with the solid support (in the form of small beads), and the carboxylate 
group displaces the chloride ion of the modified polystyrene by ап 5қ2 reaction, thus attaching 
the &-amino acid to the support, as is illustrated in Figure 26.36. 


COOC 


CH;CI 


Figure 26.35 Solid support used іп the Merrifield solid-phase peptide synthesis. Тһе 
material is a modified form of polystyrene. About 10% of the phenyl rings 
have a chloromethyl group substituted at the para position. 
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(CH3)3COC(O)NH — CH— CO; 
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(CH3);COC(O)NH— Си c 
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Figure 26.36 Attachment of а C terminal a-amino acid to the Merrifield polymer at the 


beginning of a peptide synthesis. 


The next step in the overall peptide synthesis 
involves deprotecting the amino group of the 
C terminal о-апипо acid attached to the solid 
support. We accomplish this using standard pro- 
cedures, treatment with anhydrous trifluoroacetic 
acid. The C terminal o--amino acid attached to the 
polymer, which is insoluble in the solvent sys- 
tems used, is now ready for the attachment of the 
next о-атіпо acid in the chain. The next unit of 
the growing peptide is added as an amino-pro- 
tected, carboxyl-activated o-amino acid of the 


Chemical Biography 


VINCENT DU VIGNEAUD 


b. 1901 
d. 1978 


Ph.D. University of Rochester 
(Murlin)1927 


Nobel Prize (Chemistry) 1955 


type shown in Figure 26.33. After the addition, a new reactive amino group for further develop- 
ment of the peptide chain is generated by treatment with trifluoroacetic acid. These steps are 


shown in Figure 26.37. 
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CF4CO;H 
— ^^ 


CH, CH, 
| 
(CH34COC(O)NH— CH— C—O шке нере) 
i rf 
(CH3),COC(O)NH— ra — CO45CO;CH;CH(CH3) | 
R' 


CH, 
|| | 
(CH44COC(O)NH иа: —NH — сн--с--0 
R' к О 


| СЕЗСО›Н 


ҚЫ А 


О CH, 
Кан 
| || 
Figure 26.37 Attachment of the second a-amino acid residue in the Merrifield approach 


to peptide synthesis. After the last step shown, the growing peptide chain is 
ready for the attachment of the next unit. 
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Figure 26.38 Cleavage of the complete peptide chain from the solid-phase support. 


We attach the third, fourth, ... &-amino acid residues in a completely analogous manner. At 
each stage, any by-products and excess reagents are washed away from the solid-phase polymer 
and its attached peptide chain by washing with suitable solvents. 

When all of the desired о-апипо acid residues 
have been added to complete the target peptide - я 
chain, we need to cleave it from Ше polymer. We Chemical Biog r aphy 
accomplish this by the addition of HBr in trifluo- 
roacetic acid as shown in Figure 26.38. This 


ROBERT BRUCE MERRIFIELD 


method can be used for the synthesis of extremely b. 1921 
large peptides in relatively good yields. This gen- d. 2006 
eral approach— performing syntheses with а Ph.D. UCLA (Dunn)1949 


solid-phase support of the substrate—has also Nobel Prize (Chemistry) 1984 
been applied to other types of organic synthesis 
problems. 
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Polypeptides and proteins are large molecules composed of о-апипо acid units joined by 
amide linkages that are often referred to as peptide bonds. 


Only 20 о-атіпо acids are commonly found in proteins. In all of these о-апипо acids 
(with the exception of glycine) the carbon atom bearing the amino and carboxyl groups is 
stereogenic. 


Most natural о-апипо acids have the same configuration at this stereogenic center. Such 
compounds are commonly known as L-oc-amino acids by analogy with L-glyceraldehyde. 


In solution, о-атіпо acids exist in cationic, anionic, and zwitterionic forms, depending оп 
their structures and the pH of the solution. The pH at which the concentrations of the cationic 
and anionic forms are equal is known as the isoelectronic point (pI) of that o-amino acid. 


a-Amino acids can be synthesized from o-halocarboxylic acids, from malonic ester, and 
from o-aminonitriles. These synthetic routes produce racemic mixtures that must be 
resolved in order to obtain the optically active forms. 


a-Amino acids undergo many of the usual reactions of simple amines and simple car- 
boxylic acids. However, we often need to adjust the pH carefully in order to effect reaction. 


The structural determination of polypeptides and proteins requires several steps. First, we 
need to hydrolyze all of the peptide linkages and separate the resulting mixture of 0-атіпо 
acids. Automated chromatographic and electrophoretic techniques are used in this process. 
This type of determination tells us which o--amino acids are present and in what amount. 


Following this analysis, a sample of the protein is sequenced. The Edman procedure is com- 
monly used for this determination. The о-апипо acids are derivatized and removed from the 
peptide, one at a time, starting at the N terminus. For very large peptides it is first necessary 
to cleave the molecule into fragments and sequence each fragment. The structure of the orig- 
inal peptide is then reconstructed using the method of overlapping sequences. 


Peptide synthesis requires special experimental procedures. Merrifield's solid-phase method 
has been used successfully to prepare molecules containing hundreds of o-amino acids. 


Terms to Remember 


proteins Strecker synthesis primary structure 
c-amino acid ninhydrin test proteolytic enzymes 
sequencing mobile phase Edman degradation 
peptide bonds stationary phase secondary structure 
oligopeptide ion exchange chromatography hydrophobic 
polypeptide amino acid analyzer hydrophilic 
prosthetic groups cation exchange resin globular proteins 
essential amino acids К, factor salt bridges 
zwitterions electrophoresis heme 


isoelectric point disulfide bridges 


Problem 26.1 


Assign the R/S stereochemical descriptors to the stereogenic centers in each of the 
following biologically derived amino acids. 


a) alanine 
b) tryptophan 


с) tyrosine 


(answer) 
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Figure 26.36 Attachment of a C terminal a-amino acid to the Merrifield polymer at the 
beginning of a peptide synthesis. 


The next step in the overall peptide synthesis 
involves deprotecting the amino group of the 


Chemical Biography 


C terminal o-amino acid attached to the solid VINCENT DU VIGNEAUD 
support. We accomplish this using standard pro- b. 1901 

cedures, treatment with anhydrous trifluoroacetic d. 1978 

acid. The C terminal о-апипо acid attached to the Ph.D. University of Rochester 
polymer, which is insoluble in the solvent sys- (Murlin)1927 

tems used, is now ready for the attachment of the Nobel Prize (Chemistry) 1955 


next о-атіпо acid in the chain. The next unit of 
the growing peptide is added as an amino-pro- 
tected, carboxyl-activated œ-amino acid of the 
type shown in Figure 26.33. After the addition, a new reactive amino group for further develop- 
ment of the peptide chain is generated by treatment with trifluoroacetic acid. These steps are 
shown in Figure 26.37. 


—q— 


Problem 26.3 


Write equations for the reactions associated with Ка, Ко, and Каз for each of the 
following o-amino acids: 


a) aspartic acid 


b) lysine 


(answer) 


Problem 26.4 


For each of the following a-amino acids, deduce whether pI is the mean value of pKai 
and рКа2, or of pK;» and рКаз: 


a) aspartic acid 


b) lysine 


(answer) 


Problem 26.5 


The monosodium salt of glutamic acid (MSG) is used to flavor food. Suggest a structure 
for this compound. 


(answer) 


Problem 26.6 


The pI of tyrosine is 5.65. At pH = 6 do you expect the cationic form or the anionic form 
to be present in the higher concentration? 


(answer) 


Problem 26.7 


Outline a method for the preparation of isoleucine from a carboxylic acid. 


(answer) 


Problem 26.8 


What problem(s) do you envision in the preparation of serine from a carboxylic acid 
using Approach A? 


(answer) 


Problem 26.9 


Draw the structure of the substituted malonic acid that would result from hydrolysis of 
the substituted N-phthalimidomalonic ester in the scheme shown in Figure 26.8. 


(answer) 


Problem 26.10 


Propose a synthesis of valine using the phthalimidomalonic ester route. 


(answer) 


Problem 26.11 


When diethyl N-phthalimidomalonate is treated with ethyl acrylate and sodium ethoxide, 
a compound of formula С›оН>зО 3 М is obtained. This compound is hydrolyzed by hot 
hydrochloric acid to an acidic a-amino acid of formula CSH9O4N. Suggest structures for 
the intermediate substituted phthalimide and the product а-апипо acid. 


(answer) 


Problem 26.12 


When acetamidomalonate ester is treated with sodium hydroxide and formaldehyde, a 
compound of formula СН ;7O&N is produced. Treatment of this compound with hot 
hydrochloric acid results in the formation of an o-amino acid. Suggest structures for the 
intermediate compound and the product а-апипо acid. 


(answer) 


Problem 26.13 


Outline a preparation of phenylalanine using the Strecker synthesis. 


(answer) 


Problem 26.14 


What problem(s) do you foresee in an attempted preparation of lysine using the Strecker 
synthesis? How might you get around such a problem(s)? 


(answer) 


Problem 26.15 


The mechanism for the formation of a-aminonitriles by the reaction of an aldehyde with 
cyanide ion and ammonia is thought to involve an imine intermediate. Write a 
mechanism using the curved-arrow formalism for the formation of СНЭСН(СМ)МН; by 
the reaction of acetaldehyde with ammonia and ammonium cyanide. 


(answer) 


Problem 26.16 


Which substance, hippuric acid or glycine, would you expect to cause effervescence 
when added to an aqueous solution of sodium bicarbonate? Explain your answer. 


(answer) 


Problem 26.17 


Write the structure of N-acetylalanine. How would you synthesize N-acetylalanine from 
alanine? 


(answer) 


Problem 26.18 
Ninhydrin is a gem-diol. Such species exist in dynamic equilibrium with a carbonyl 


compound and water. Normally, the equilibrium is unfavorable for the gem-diol (see 
Chapter 19). Rationalize the stability of the hydrated form in the instance of ninhydrin. 


(answer) 


Problem 26.19 


a-Amino acids give a positive ninhydrin test. Would you expect simple primary amines 
also to give a positive ninhydrin test? Explain your answer and propose an explanation 
for the failure of proline to give a positive test with ninhydrin. 


(answer) 


Problem 26.20 


Refer to the elution chart shown in Figure 26.13. Explain why Ше a-amino acids on the 
right-hand side of the chart require a less acidic buffer for elution than do those on the 
left-hand side of the chart. 


(answer) 


Problem 26.21 


How will a mixture of aspartic acid, glycine, phenylalanine, and arginine behave when 
subjected to electrophoresis at pH = 6? Make a sketch similar to the one in Figure 26.14 
showing their relative positions on the electrophoresis paper after a voltage has been 
applied for a sufficient period of time to produce separation. 


(answer) 


Problem 26.22 


How many different tripeptides (three а-апипо acids, two peptide linkages) contain one 
each of the following o-amino acid residues: phenylalanine, alanine, glycine? Use the 
abbreviated notation system to designate the structure of each of the possible peptides. 


(answer) 


Problem 26.23 


Draw the full structure of the tripeptide Ala-Ile-Pro. 


(answer) 


Problem 26.24 


An unknown peptide, on partial hydrolysis, yields a mixture of the following fragments: 
Phe-Gly, Tyr-Cys-Als, Ala-Leu-Ile, Cys-Ala-Leu, Val-Tyr-Cys, Gly-Val-Tyr. Complete 
hydrolysis of the peptide shows that all of the a-amino acid of the peptide are present in 
equimolar quantities. What is the simplest possible structure for the original peptide? 


(answer) 


Problem 26.25 


A tetrapeptide is known to contain the four a.-amino acids alanine, glycine, 
phenylalanine, and glutamic acid. Shortly after treating this tetrapeptide with 
carboxypeptidase, we detect free glutamic acid. A different sample of the tetrapeptide is 
treated with chymotrypsin; two dipeptides are subsequently found to be present. Suggest 
two possible structures for the original tetrapeptide. 


(answer) 


Problem 26.26 


Much of Sanger's early work was done prior to the development of the Edman 
degradation. Sanger developed the use of the reagent 2,4-dinitrofluorobenzene (DNFB) 
for derivatizing peptides at the N terminus. The amino group at the N terminus attacks the 
DNFB reagent, displacing fluoride ion. DNFB reacts faster in this procedure than does 
any other 2,4-dinitrohalobenzene. 


a) What is the mechanism of reaction of DNFB with the peptide? 

b) What is the structure of the DNFB derivative of Ala-Gly? 

с) Determine the structure of an unknown tetrapeptide with the following reaction 
characteristics: On reaction with DNFB followed by hydrolysis, the tetrapeptide yields 
the DNFB derivative of glycine along with free alanine, leucine, and tyrosine. On 


reaction of the tetrapeptide with chymotrypsin, two dipeptides are formed. On treatment 
with carboxypeptidase, the tetrapeptide initially releases leucine. 


(answer) 


Problem 26.27 


In 1949 Linus Pauling and his co-workers found that normal hemoglobin and hemoglobin 
from victims of sickle-cell anemia behaved differently when subjected to electrophoresis. 
Which type of hemoglobin would you expect to migrate more rapidly toward the positive 
electrode? Explain your reasoning. 


(answer) 


Problem 26.28 


Why is it necessary to use the amino-protected a-amino acid in anchoring the C terminus 
of the potential peptide to the polymer? 


(answer) 


Problem 26.29 


Show all of the steps in the synthesis of Phe-Ala-Val using the Merrifield method. 


(answer) 


Problem 26.30 
From each of the following pairs, choose the substance that has the indicated property. 
a) has a pI > 7: a basic or an acidic o-amino acid 


b) reacts faster with acetic anhydride under basic conditions: a simple aliphatic 
amine or an о-апипо acid 


с) is the naturally occurring enantiomer of threonine: R or S 

d) gives a positive iodoform test: serine or threonine 

e) produces М» gas upon treatment with nitrous acid: aspartic acid or proline 

f) has a higher concentration of cationic form at physiological pH (i.e., pH ~ 6-7): 


an а-апипо acid of low or high pl 


g) upon electrophoresis at pH = 4, it migrates toward the cathode: Gly-Ala-Val or 
Asp-Ala-Gly 


h) upon electrophoresis at pH = 7, it migrates toward the cathode: Ala-Lys-Gly or 
Tyr-Gly-Ala 


1) under physiological conditions the a-amino acid more likely to be found in Ше 
interior of a globular protein than at its surface: Phe or Glu 


j can not participate in the hydrogen bonding involved in the a-helix structure of 
proteins: Pro or Val 


k) is more acidic: glycine in the cationic form or propanoic acid 


(answer) 


Problem 26.31 
What are the products obtained by treatment of the octapeptide 
Gly-Ser-Thr-Lys-Ala-Arg-Ser-Gly 


with trypsin? 


(answer) 


Problem 26.32 


Consider the tetrapeptide Ser-Phe- Ala-Glu: 


a) Estimate its pI value. 

b) Tell the sign of the electrode to which it will migrate upon electrophoresis at pH = 
7. 

с) Tell which products will result from its treatment with each of the following 
reagents: 


(1) chymotrypsin 

(ii) carboxypeptidase 

(11)  phenylisothiocyanate followed by trifluoroacetic acid and finally with 
aqueous acid 


(answer) 


Problem 26.33 

Draw structures for each of the following: 

a) N-acetylalanine 

b) Phe-Leu 

с) the ethyl ester of glycine 

d) phenylalanine hydrochloride 

e) the product of reaction of glycine hydrochloride and thionyl chloride 
f) a cyclic product of formula C 4H6O2N? obtained upon heating glycine 
g) the product of the reaction of alanine with benzyl chloroformate 

h) the product of the reaction of glycine with aqueous KOH 

1) the product of the reaction of glycine with ethanol in the presence of an acid 


catalyst 


(answer) 


Problem 26.34 

Give systematic names for each of the following: 
a) alanine 

b) phenylalanine 


с) tyrosine 


(answer) 


Problem 26.35 


Another method for the synthesis of o-amino acids begins with methyl nitroacetate 
(Oz2NCH2CO2CHs). Outline the steps needed to convert this starting material into a- 
amino acids of the general structure HoINCH(R)CO;H. 


(answer) 


Problem 26.36 


Suggest a synthesis of HoNCH? “СОН using НСО» as the source of "C. 


(answer) 


Problem 26.37 
Deduce the primary structure of a heptapeptide from the following data: 


(i) On treatment with 3 M hydrochloric acid, 1 mmol of the peptide yields 1 mmol 
each of Leu, Phe, Ser, Tyr, and Pro, along with 2 mmol of Ala. 
(ii) On treatment with 1 M hydrochloric acid, the peptide yields a mixture of five 
tripeptides, Ser-Leu-Ala, Phe-Ala-Tyr, Pro-Phe-Ala, Leu-Ala-Pro, and Ala-Pro-Phe. 
(ш) Оп treatment of the peptide with carboxypeptidase, a hexapeptide is obtained 
along with Tyr. 
(iv) After one cycle of the Edman degradation, a hexapeptide is obtained along with 
the compound of structure shown below: 

H 


Се H; —N CH, OH 
NH 


(answer) 


Problem 26.38 


Show all steps in the Merrifield solid-phase synthesis of Ala-Phe-Gly. 


(answer) 


Problem 26.39 


Using the synthetic routes discussed in this chapter, show all of the steps involved in the 
syntheses of a racemic mixture of each of the following a.-amino acids: 


a) aspartic acid 


b) isoleucine 


(answer) 


Problem 26.40 


Provide the missing reagents and intermediates (A-E) in the following synthesis of 
racemic tyrosine. 


CH; CH, Br CH, СН(СО,СН,СН;), 
А B 
» » 

OCH, OCH, OCH, 
1. aq. NaOH 
2. aq. acid 
3. heat 

CH, CH(NH,)CO>H d 
E 1.0 И 
tyrosine < s С 


2. excess МН; 
CoH |20; 
OCH, 


(answer) 


Problem 26.41 


Draw structures for all of the intermediates and products (F-K) in the following sequence 
for the preparation of an о-апипо acid. 


potassium phthalimide + BrCH(CO;CH, CH 4); 


1. NaH 
2. 1,3-dibromopropane 


Y 
potassium acetate 
H УФ G 
(Со Воз Оз) (Св H5,05NBr) 


1. heat, ад. NaOH 
2. heat, aq. acid 


I НСІ 
(CsSHj;O43N) >» J 


(СЕН ОМС!) 


heat 
у 


K 
(C5H)NO>) 


(answer) 


Problem 26.42 


A peptide has been determined to have an N terminal residue of Val and a C terminal 
residue of Leu. One method of partial hydrolysis of the peptide yields a mixture of the 
four smaller peptide fragments along with arginine: 


Val-Gly-Ser-Lys 
Asp-Gln-Tyr-Ala 
Ala-Ser-Phe-Gly-Lys 
Tyr-Gly-Leu 


A different partial hydrolysis of another sample of the same peptide yields the following 
five fragment species: 


Val-Gly-Ser-Lys-Ala-Ser-Phe 
Ala-Arg-Tyr 
Gly-Lys-Asp-Gln 

Gly-Leu 

Tyr 


Propose a structure for the original peptide. 


(answer) 


26.1-answer 


a) S 


26.2-answer 


No. While all biologically occurring а-апипо acids (except for the achiral glycine) have 
the S absolute configuration about the a-stereogenic center, this does not define the 
direction of rotation of plane polarized light of a specific wavelength. We can not predict 
this characteristic from this simple point of structure. 


26.3-answer 


a) 


b) 


+ 
H,N—CH—CO,H + H,O 


CH,CO,H 


+ 
NC COMM + H,O 


CH,CO,° 


+ 


а E! + Н,О 


CH,CO,- 


+ 
H,N—CH—CO,H + H,O 
| 


CH,CH, CH, CH, NH; 
+ 


+ 


оо + H,O 


CH,CH, CH, CH,NH, 
+ 


+ 
ша! + НО 


CH,CH, CH, CH,NH, 


Ка 


Каз 


Ко 


Каз 


+ 
H,N—CH—CO,H + H40* 


CH, CO, 


+ 


H,;,N—CH—CO,- + H,0* 
| 
CH, СО, 
GNE cor + НО" 
CH, СО, 
+ 
H;N—CH—CO, + НО" 
| 
CH, CH, CH, CH;NH; 
+ 
+ 
CH, CH, CH, CH,NH, 
+ H30* 


ш а 


CH, CH, CH, CH, NH, 


26.4-answer 
a) рКа and pKa2 


b) pK; and рКаз 


26.5-answer 
H,N— n — COH 
СН,СН, СО, ? Na 


26.6-answer 


The anionic form will be present in the higher concentration. 


26.7-answer 


Н.С 4 PBr, Н.С. - 
C-CH,CO,H - *" Cc-CH(Br)CO ,н 
/ Br, / 
H H 
NH, 
у 

CH, CH, 

H4C, - 
3 Ox 


C-CH(NH;)CO;H 
H 


26.8-answer 


The presence of a hydroxyl group would cause difficulties. The hydroxyl group in the 
(presumed) starting carboxylic acid would be subject to bromine substitution to generate 
2,3-dibromopropanoic acid. Leaving the bromine in place while attempting to substitute 
at the a-position would generate an undesirable mixture of products. 


This problem can be avoided by using a starting carboxylic acid in which the hydroxyl 
group at the 3-position of propanoic acid is protected using a group which can be 
removed easily at the end of the synthesis. 


26.9-answer 


RCH(NH ,)(СО ; H); 


26.10-answer 


O 
1. NaOCH,CH, 
(CH 3); CHBr + М-СН(СО,СН,СН;))) ————— 
2. aq. NaOH 
О 3. aq. НСІ, heat 


H,N—CH-CO;H 
СН(СН;); 


26.11-answer 
O 
N—C(CO,CH,CH;), 
О CH,CH, CO, CH,CH, 


H,N—CH-CO;H 
CH,CH,CO,H 


26.12-answer 


O 
и 


С 
Н.С” Умн--с(со,сн,сн,), 
СН, ОН 


HN HCG; H 


CH,OH 


26.13-answer 


C,H; CH, СНО + NH,CN - > на нем 
CH, СН. 


1. ад. НСІ, heat 
2. ад. NaOH 
Y 
H, NaHCO; H 
CH, C; H; 


26.14-answer 


For the preparation of lysine using the Strecker synthesis, one would need to use 
НЖМСН-СНСН;СН-СНО, which could undergo a self-condensation, either 
intermolecularly or intramolecularly. One could avoid this difficulty by initially forming 
an amide with the amino group which could be deprotected after the Strecker synthesis. 


26.15-answer 


+ 


CH,CHO + NH,CN —— CH,CHOH + МН, + СМ. 
+ HO g 
CH3CHOH + :NH3 > 152 
~ 
NH 
H 3 
С + 
HN 
" Y 
NH; + VAT c V7 ILN* 
3 C... CL + 4 
Y 
+ „Н NC HjN— CHCN 
N 


нс” NH, CH; 


26.16-answer 


Hippuric acid would effervesce when placed in aqueous sodium bicarbonate solution. 
Effervescence is produced by the reaction of an acid with the bicarbonate ion, producing 
CO» which bubbles from the solution. Glycine would not produce this result since it is the 
zwitterionic form and is not actually an acidic reagent. 


26.17-answer 


bi NaOH 
H3N-CH;-CO;* —— ———-  H5N-CH5;-CO; * Na 


CH,C(O)CI 


Y 
СН, C(O)NHCH „СО, * Na 


dilute aq. acid 


Y 
CH; C(O)NHCH ,CO,H 


N-acetylalanine 


26.18-answer 


The situation with ninhydrin is such that hydration of the central carbonyl site decreases 
the unfavorable dipole moment that would exist were that site to remain as a carbonyl 
group. The hydrated form is thereby more stable in these circumstances. 


26.19-answer 


All primary amines will provide a positive ninhydrin test, as may be seen from the 
mechanism. All that is required to give imine formation is a primary amine, and the 
remaining N-R linkage is cleaved to generate a new -NH» linkage. Since proline is not a 
primary amine (it's a secondary amine), it will not give a positive ninhydrin reaction. 


26.20-answer 


Those species eluting on the right-hand side of the chart are the basic о-апипо acids (and 
ammonia). These will be in a positively charged state at the lower pH, and thereby cling 
to the column more strongly. 


26.21-answer 


Spotting Site 


aspartic acid 


arginine glycine 


phenylalanine 


26.22-answer 


Phe-Gly-Ala 
Phe-Ala-Gly 
Gly-Phe-Ala 
Gly-Ala-Phe 
Ala-Phe-Gly 
Ala-Gly-Phe 


26.23-answer 


H CH; H " Сон 
\/ 

С М С СН 
ЯСЫ du PEE" M NOR N 
H, N С С М сн 
|| /N | 2 

O H CH 


26.24-answer 


Phe-Gly-Val-Tyr-Cys-Ala-Leu-Ile 


26.25-answer 
Ala-Phe-Gly-Glu 


Gly-Phe-Ala-Glu 


26.26-answer 


a) Aromatic addition-elimination. 
b) 
н СН; H 
\ / | 
C N CO;H 
BN P ad Sus P d b D d 
| /\ 
О,№ о H H 
NO, 


с) Gly-Tyr-Ala-Leu 


26.27-answer 


Normal hemoglobin would migrate faster toward the positive electrode in 
electrophoresis. In normal hemoglobin there is a glutamic acid residue not present in the 
sickle-cell anemia hemoglobin, providing an additional negatively charged site for the B- 
chains of the normal hemoglobin. 


26.28-answer 


If the amino group were not protected, it would react more rapidly (than the carboxylate 
anion site) with the benzylic chloride position of the polymer. This would lead to 
preferential attachment of the nitrogen to the polymer rather than the carboxylate oxygen. 
This would totally divert the intended synthetic approach. 


26.29-answer 


: Reaction of the sodium salt of t-BOC-Val with the benzylic chloride polymer. 

Е Treatment with trifluoroacetic acid to remove Ше t-BOC group. 

қ Addition of the isobutylchloroformate anhydride derivative of t-BOC-Ala to form 
peptide linkage with the Val that is already attached to the polymer. 

. Treatment with trifluoroacetic acid to remove the t-BOC group. 

Я Addition of the isobutylchloroformate anhydride derivative of t-BOC-Phe to form 
peptide linkage with the units already attached to the polymer. 


1 
2 
3 
a 
4 
5 
a 
6. Treatment with HBr and trifluoroacetic acid to liberate the free Phe-Ala-Val. 


26.30-answer 


a) 
b) 
с) 
d) 
е) 
f) 
g) 
h) 
i) 
2) 


К) 


basic amino acid 
a-amino acid 

S 

threonine 
aspartic acid 
high pI 
Gly-Ala-Val 
Ala-Lys-Gly 
Phe 

Pro 


glycine in the cationic form 


26.31-answer 
Gly-Ser-Thr-Lys 
Ala-Arg 


Ser-Gly 


26.32-answer 

a) ~6.8 

b) toward the anode (+) 

с) (i) Ser-Phe and Ala-Glu 


(ii) Ser-Phe-Ala and Glu 
(iii) _ Phe-Ala-Glu and 


O Hg 
ud ads 
NH 


26.33-answer 

a) CH3C(O)NHCH(CH3)CO?H 

b) H2NCH(CH2C6Hs)C(O)NHCHCH2CH[CHs3]2)CO 2H 
с) H;NCH;CO;CH;CH,; 

d) C&;H;CH;CH(NH5*)CO;H 

е) 


СН 
a 


N 
| T 
H 


g) C;H5SCH;OC(O)NHCH(CH;3)CO;H 
h) H,NCH,CO, *K 


i) — H,NCH,CO,CH,CH, 


26.34-answer 
a) 2-aminopropanoic acid 
b) 2-amino-3-phenylpropanoic acid 


с) 2-amino-3-(4-hydroxyphenyl)propanoic acid 


26.35-answer 


l. Treatment of methyl nitroacetate with sodium hydride to remove a proton from 
the a-carbon site, generating the anion. 

2. Addition of the appropriate haloalkane (RX) for the side chain desired. 

3: Reduction of the nitro group using hydrogen and platinum oxide catalyst. 

4. Hydrolysis of the ester linkage using aqueous acid. 


26.36-answer 


l. Addition of “СО» to an ether solution of methylmagnesium iodide. 
2. Treatment of the resultant labeled acetic acid with bromine and phosphorus 
tribromide. 


3. Heat with aqueous ammonia. 


26.37-answer 


Ser-Leu-Ala-Pro-Phe-Ala-Tyr 


26.38-answer 


l. Substitution of the benzylic chloride site of the Merrifield polymer by the addition 
of the sodium salt of t-BOC-Gly. 
2: Treatment with trifluoroacetic acid to remove the t-BOC group. 


3. Addition of the isobutyl chloroformate anhydride derivative of t-BOC-Phe to 
form a peptide linkage. 


4. Treatment with trifluoroacetic acid to remove the t-BOC group. 

5. Addition of the isobutyl chloroformate anhydride derivative of t-BOC-Ala to form 
the second peptide linkage. 

6. Treatment with HBr and trifluoroacetic acid to liberate the Ala-Phe-Gly from the 


polymer. 


26.39-answer 


a) 1. Treatment of o-bromoacetaldehyde with ammonium cyanide to form а 
cyanohydrin and displace the bromide. 
Heat with aqueous acid to hydrolyze both cyano groups. 


3. Neutralize with aqueous base. 
b) 1. Treatment of 2-methylbutanal with ammonium cyanide to form the 
cyanohydrin. 

2. Heat with aqueous acid to hydrolyze the суапо group. 


3: Neutralize with aqueous base. 


26.40-answer 

A N-bromosuccinimide or bromine under irradiation with light 
B Na’ 'CH(CO;CH;CH3); 

C 3-(4-methoxyphenyl)propanoic acid 

D phosphorus tribromide and bromine 


E aqueous HI 


26.41-answer 


O 
F 
N—CH(CO, CH, СВ)» 
O 
O 
G 
Зап ign 
O CH, CH, CH, Br 
O 
H = 
N е 2CH2 СНз )2 
o сн,сн,сн,о,ссн; 
І H,N—CH-CO;H 
CH, CH,CH, OH 
H, N—CH-CO,H 
J 


CH, CH;CH, CI 


NH 
5 [cost 


26.42-answer 


Val-Gly-Lys-Ala-Ser-Phe-Gly-Lys-Asp-Glu-Tyr-Ala-Arg-Tyr-Gly-Leu 


HETEROCYCLIC COMPOUNDS 


27.1 INTRODUCTION 


Heterocyclic compounds (or heterocycles) are compounds whose molecules contain a ring in 
which at least one atom is not carbon. Any ring atoms that are not carbon are referred to as 
heteroatoms. The heteroatoms most commonly found in heterocyclic compounds are nitrogen, 
oxygen, and sulfur. Figure 27.1 provides examples of common three-, four-, five-, and six-mem- 
bered saturated heterocyclic compounds containing nitrogen and/or oxygen. You should recall 
meeting some of these heterocyclic compounds in earlier chapters. 

In addition to the saturated compounds shown in Figure 27.1, heterocycles can be aromatic, 
as we discussed in Chapter 16. Indeed, aromatic heterocycles constitute an extremely important 
class of organic substances, and there are many biologically derived aromatic heterocycles. Of 
particular importance are the base components of nucleic acids (Chapter 28), which play the 
central role in the action of genes. Figure 27.2 shows the structures and names of several impor- 
tant aromatic heterocyclic (often called heteroaromatic) compounds. 


27.2 NONAROMATIC HETEROCYCLES 


Nonaromatic heterocycles are usually prepared from open-chain compounds. A useful strategy 
for thinking about such preparations is to arrange two functional groups of an open-chain com- 
pound such that they can interact to form a ring. The reaction shown in Equation 27.1 illustrates 
this strategy. This synthesis of oxetane is simply an intramolecular version of the Williamson 
ether synthesis (Chapter 12). 

The efficiency of ring formation in this type of reaction depends on two factors related to the 
size of the ring. The first of these factors is enthalpic and depends heavily on the degree of strain 
in the ring being produced. For a given reaction type producing a ring, the more highly strained 
the ring, the higher the activation energy for its formation. The second factor is entropic and is 
related to the probability that the two ends of the open-chain molecule will come into contact such 
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в. 

NaOH 

HO — CH,CH,CH,—Cl ке >» — 

` _ О 
UN 


(Eq. 27.1) 
Three-membered rings Four-membered rings 
O NH 
ethylene oxide aziridine trimethylene oxide _azetidine 
(oxirane) (oxetane) 


Five-memebred rings 


ф 


67 

Н 
tetrahydrofuran pyrrolidine 
(oxolane) (azolidine) 


Six-membered rings 


| б | ) @ б | ) 
еще Y Y 
H H 
tetrahydropyran 1,4-dioxane piperidine morpholine 


FIGURE 27.1 Structures and names of some heterocyclic compounds. In naming substituted 
heterocycles, the heteroatom (or one of the heteroatoms) is designated as the 
1-position. 


that reaction can occur. The entropic factor becomes increasingly less favorable as the ring size 

increases. The enthalpic factor follows the order of ring stability we discussed in Chapter 13. 
The overall ease of ring formation reflects a balance of the enthalpic and entropic factors. In 

most instances the ease of ring formation decreases in the order: 5-> 6-> 3-> 7-> 4-membered 
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Five-membered rings 


поо О 


O 1 5 Т 
н н 
furan pyrrole thiophene imidazole 


Six-membered rings 


ХХ та "XN Nas 
| > | ZN | 2 Zz 
N N~ N N 


pyridine pyridazine pyrimidine pyrazine 


Fused-ring systems 


CD CO CO QC 
О N м7 zo 


benzofuran indole quinoline isoquinoline 


ш- 


Figure 27.2 Structures and names of some heteroaromatic compounds. 


rings. Interestingly, 5-membered rings generally form more readily than do the more stable (less 
strained) 6-membered rings. Presumably the entropic factor outweighs the enthalpic factor for 
these rings. Rings containing more than seven members are often difficult to prepare because of 
a relatively unfavorable entropic factor. The probability that the two ends of an open-chain mol- 
ecule will meet and react intramolecularly to form a large ring is quite low. Intermolecular 
reaction (between two separate molecules) is then more likely. 

The reactions of nonaromatic heterocyclic compounds are very similar to those of their 
open-chain counterparts for rings of intermediate or large size. However, if the ring containing 
the heteroatom is small, ring strain may be a dominant factor in its chemistry. We noted this 
effect with epoxides (Chapter 14), which are much more reactive than other cyclic or open- 
chain ethers. Ring opening occurs in the reactions of epoxides, relieving the strain present in 
the small ring. 
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Special Topic 


The Formation of Large Rings 


Clearly, large sized rings can be formed. We have noted the utility and intriguing structural charac- 
teristics of the cyclic polyether compound, /8-crown-6 in earlier discussions. Some note should be 
made concerning its preparation, as well as other large ring systems. 

The 18-crown-6 molecule is an 18-membered ring, the original syntheses of which proceeded in 
very low yield, as might be expected when attempting to join the ends of two relatively long chains 
where polymerization and other processes might compete. While such competitive processes are 
going to be significant in any solution reaction, the 18-crown-6 molecule has been able to be isolated 
in reasonable yield from a complex reaction mixture involving the reagents shown below by selec- 
tive complexation of the 18-crown-6 with acetonitrile. Such selective complexation allows it to be 
separated and isolated with relative ease [Gokel, Cram, Liotta, Harris, and Cook, Organic Synthesis, 


57, 30 (1977)]. 
on ма 
| СІ О 
О он” ф 
Lo Ј СІ 


КОН 
һеа( 
aq. tetrahydrofuran 


за 


O O 
L o 
(purified by formation of an acetonitrile complex) 


A series of heterocyclic ammonium compounds have been prepared from open-chain precursors 
taking advantage of solubility characteristics of intermediate species. For example, the reaction 
shown below proceeds to provide the 17-membered ring system containing two quaternary ammo- 
nium sites in very good yield. 
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lip Ser SUA Т М О МИС Br 


+ 


(СНз)2М 
32 МИС сна» 


| ethyl acetate 


2Br 


(СН) *N(CH3)2 


This (quite surprising) result occurs because of the solvent system chosen for reaction, ethyl 
acetate, which dissolves both of the initial reagents, but does not dissolve either the ultimate product 
or the intermediate monocationic species resulting from one end of each reagent reacting. This inter- 
mediate, precipitating from the dilute solution, thereby is removed from the main reaction medium 
and has only its “other end” with which to react, generating the macrocyclic product [Cohen, 
Rusinowski, Strekas and Engel, Heteroatom Chemistry, 10, 559 (1999).] 


27.3 AROMATIC HETEROCYCLIC COMPOUNDS 


The most important aromatic heterocycles contain heteroatoms in either five- or six-memberd 
rings. Many of these compounds can be obtained from biologically derived sources, at times in 
such great quantities that they serve for industrial chemical use. 

The principal natural sources of furans and related materials are agricultural residues such as 
corncobs, oat hulls, and cottonseed hulls. These materials contain complex polysaccharides 
known as pentosans, which yield only pentoses on hydrolysis. Dehydration of the pentoses leads 
readily to furfural (2-furancarbaldehyde), an extremely useful reagent shown in Figure 27.3. 

Furan and substituted furans are manufactured from furfural. Furfural undergoes facile oxi- 
dation to 2-furoic acid (27.1), a carboxylic acid that is decarboxylated to furan. The important 
solvent tetrahydrofuran (THF) (27.2) is manufactured by catalytic hydrogenation of furan. 


tow Sy 


O 
2-furoic acid tetrahydrofuran 
27.1 27.2 


Furan is also a commercially important material for the preparation of pyrrole and thio- 
phene, as is illustrated in Figure 27.4. 

Coal tar is a rich source of pyridines and methyl-substituted pyridines. Many fractions are 
obtained from the distillation of coal tar. Pyridine and the methylpyridines are present in the 
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ІТ 
СНОН 

corncobs, | 

oat hulls, | > С) снон =} / \ 

and others | CHO 
(нон о 
CH,OH furfural 
pentoses 


Figure 27.3 Preparation of furfural from biologically derived materials. Corncobs апа 
other agricultural products provide a convenient source of furfural. 
Polysaccharides in the vegetable product are hydrolyzed to pentoses, which in 
turn are dehydrated to form the furfural. Other derivatives are then 
synthesized from the furfural. 


Гу p i H 


А03, 450°C 


FIGURE 27.4 Preparation of pyrrole and thiophene from furan. Pyrrole and thiophene сап 
be manufactured from furan by heating with ammonia or hydrogen sulfide, 
respectively, in the presence of alumina. 


CH, 
SS Sis 9 S 
Г. a l Ж 
N СН; М М НЗС N СН; 


(-рісойпе B-picoline у-рсоше 2,6-lutidine 
Figure 27.5 Nomenclature of methyl-substituted pyridines. 


light (relatively low boiling) fractions, from which they are isolated easily by extraction into 
mineral acid solution. The monomethylpyridines are frequently described as a-, B-, or y-picol- 
ines depending on the position of the methyl group. Pyridines substituted with two methyl 
groups are commonly known as lutidines. Structures of the picolines and one of the lutidines are 
shown in Figure 27.5. 
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27-4 CONTRASTING REACTIVITIES OF FIVE- AND 
SIX-MEMBERED HETEROAROMATICS 


ELECTROPHILIC AROMATIC SUBSTITUTION 


Heteroaromatic compounds undergo reactions typical of aromatic compounds such as benzene 
and its derivatives. For example, aromatic electrophilic substitution reactions such as halogena- 
tion, nitration, and sulfonation can be accomplished with both five-membered heteroaromatics 
such as pyrrole and six-membered heteroaromatics such as pyridine. However, there are signif- 
icant differences in the reactivities of these heteroaromatic compounds. In general, the 
five-membered heteroaromatics are much more reactive than is benzene toward electrophilic 
reagents, while the corresponding six-membered heteroaromatics are much less reactive than is 
benzene toward the same reagents. These results are summarized in Figure 27.6. 

Bromination provides an example of these differing reactivities. While pyrrole reacts almost 
explosively with bromine, benzene reacts with bromine only in the presence of a Lewis acid cat- 
alyst, and pyridine reacts with bromine only at very high temperature. 

We find further that pyrrole, furan, and thiophene undergo electrophilic aromatic substitution 
principally at the -position relative to the heteroatom. On the other hand, when pyridine reacts, 
it does so principally at the B-position relative to the heteroatom, as is illustrated in Figure 27.7. 

The rationalization for these patterns of electrophillic substitution is rooted in the mecha- 
nism of the reaction. In electrophilic aromatic substitution (review Chapter 18), the 
rate-determining step is generally the attachment of the electrophilic reagent to the aromatic 
ring. When different positions of the ring are available for reaction, addition occurs to generate 


Relative reactivity toward electrophilic reagents 


Figure 27.6 Relative reactivity of aromatics toward electrophilic reagents. Other five- 
membered heteroaromatics are similarly more reactive than is benzene 
toward electrophilic reagents. 


М М 
Н 
pyrrole pyridine 


FIGURE 27.7 Comparison of regioselectivity of electrophilic substitution in pyrrole and 
pyridine. Electrophilic attack occurs at the positions marked by the arrows. 
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the more stable of the possible cationic intermediates. For a five-membered heteroaromatic 
molecule such as pyrrole, addition at Ше o-position leads to a more stable carbocation than does 
addition at the B-position. We can draw three resonance structures providing charge delocaliza- 
tion to stabilize the former intermediate, but only two such structures for the latter intermediate 
(see Figure 27.8). 

These resonance structures help us to rationalize the increased reactivity of pyrrole (com- 
pared to benzene) in electrophilic aromatic susbsitution reactions. The first resonance structure 
shown for addition at the 2-position (like the first resonance structure shown for addition at the 
3-position) has a complete octet of electrons associated with each atom of the ring. We have seen 
that our ability to draw such particularly favorable Lewis resonance structures correlates with 
improved stability (and ease of formation) of the species. No such resonance structures can be 
drawn for electrophilic substitution reactions occurring on benzene. No resonance structures 
with a complete octet of electrons at each atom of the ring can be drawn for benzenonium ions. 
Thus, we rationalize the greater reactivity of pyrrole over benzene in electrophilic aromatic sub- 
stitution reactions to be due to the greater stabilization of the pyrrole reaction intermediate 
compared to the benzene intermediate. 

Now consider pyridine in electrophilic aromatic substitution reactions. An electrophile, in 
principle, could attack any one of three different positions about the pyridine ring. That is, it 
could attack ortho-, meta-, or para-relative to the ring nitrogen atom. In each instance there are 
three resonance structures for the cationic intermediate, as are shown in Figure 27.9. 

Each resonance structure in Figure 27.9 is less stable than the corresponding one resulting 
from attack on a benzene ring because of the presence of the electron-withdrawing nitrogen 
atom. This difference in stability correlates with the lowered reactivity of pyridine compared to 
benzene in this type of reaction. 


" 
= н H — н 
\ + = ( Y => А у 
Е N/ ^E мо ^E N/ ^E 
=“ | a à Н 
Г N 
М E* H H 
н ы Е Е 
FS" Ку. 
+! | 
H H 


Figure 27.8 Resonance structures for the intermediate cations formed by attack of ап 
electrophile (E) on the 2- and 3-positions of pyrrole. A greater number of 
resonance structures can be drawn for the 2-substituted cation, suggesting 
that it is more stable than the 3-substituted cation. 
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These contributing resonance structures also account for the experimental observation that 
pyridine preferentially undergoes electrophilic aromatic substitution at the 3-position. The three 
sets of resonance structures in Figure 27.9 are not equivalent. Attack at the 2- or 4-position is 
relatively disfavored since the positive charge is delocalized to the electronegative nitrogen atom 
in one of the contributing structures for each route, and the nitrogen in those structures has only 
a sextet of valence level electrons. In contrast, the intermediate formed by attack at the 3-posi- 
tion has no highly unfavorable resonance structure of this type. 


AROMATIC NUCLEOPHILIC REACTIONS or PYRIDINES 


In its reactivity toward electrophiles, the pyridine ring behaves like a benzene ring bearing 
strongly electron-withdrawing substituents. This similarly extends to its reactivity with 
nucoleophilic reagents. Recall that although nucleophillic displacement reactions on a benzene 


Electrophilic attack at the 2-position 
Nd ~ ~ + 
N N N 
E E E 


N atom has only 
a sextet of electrons 


Electrophilic attack at the 3-position 
H H + H 
О» = СА» - СА 
E Я Е щъ. Е 
Sy + а м7 
Electrophilic attack at the 4-position 


~ |. | 2 
М М М 


М atom has only 
a sextet of electrons 


Figure 27.9 Resonance structures for the cationic intermediate formed by attack of ап 
electrophile on pyridine. Attack of the electrophile can occur at the 2-, 3-, or 
4-position. Each route leads to cations described by a trio of resonance 
structures. However, the energies of the contributing resonance structures for 
each possible intermediate cation are not equivalent. 
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ring are generally not observed, such reactions can occur if suitable elecron-withdrawing 
substituents are present (Chapter 18). Since the pyridine ring contains an electron-withdrawing 
nitrogen atom as a component of the ring itself, it is perhaps not surprising that the pyridine ring 
is quite reactive toward nucleophilic substitution. There is, however, a selectivity to these reac- 
tions. Nucleophilic displacement occurs preferentially when the leaving group is at the 2- or 
4-position of the pyridine ring. An example is shown in Equation 27.2. (A chlorine atom is not 
similarly displaced from the 3-position of the ring.) 


| —— | 
2 HOCH; 2 
№ “cl N^ “OCH; 
95% yield (Eq. 27.2) 


The mechanism for this and similar reactions involves addition of the nucleophile followed 
by elimination of the leaving group. This addition-elimination mechanism is analogous to the 
mechanism for nucleophilic substitution reactions on benzene rings bearing electronegative sub- 
stituents (see Chapter 18). 

Notice that with the intermediate anion that the negative charge is delocalized onto the elec- 
tronegative nitrogen atom of the pyridine ring. This delocalization stabilizes the anion, making 
reaction possible. If no such delocalization is possible, the anion is lass stable and forms at a 
negligibly slow rate—no net reaction is observed. Thus, a halogen present in the 3-position of a 
pyridine ring is not displaced by nucleophiles (see Figure 27.10). 

It is possible to use а potent nucleophile to effect the loss of hydride ion from the &-position 
of pyridines. The most important example of this type of reaction is the Tschichibabin reaction, 


Nucleophilic Substitution Reaction for 2-Chloropyridine 


Step 1 Addition of the nucleophile: 
SN OCH; 9 =, Z^ - 
Nf “а N ~ Б; 
у) -" осн, М осн, N осн, 


Step 2 Loss of Ше leaving group: 
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a "^. Cl Cl Cl 
< yx Ж ха 
| | Y - Y Y 
2 2 <>» . 7 <> "x > 
N N М“ - 


N 


FicunE 27.10 Nucleophilic attack on pyridine with a leaving group substituent in the 3- 
position of the ring. Potential leaving group substituents in the 3-position 
of pyridine rings are not easily displaced by nucleophiles. The anion formed 
upon addition of the nucleophile does not delocalize negative charge onto 
the ring nitrogen atom. The resulting lack of stability for the intermediate is 
reflected in a very low rate of formation of the anion. 


in which pyridine is heated with sodium amide in a suitable solvent such as N,N-diethylaniline. 
The reaction is worked up by the addition of water, as shown in Equation 27.3, to give an Q- 
aminopyridine. 


< 1. NaNH), heat < 
СС 
> 2. H,O 2 
М Н М NH) 
75% yield (Eq. 27.3) 


The mechanism of the Tchichibabin reaction involves addition to the aromatic ring followed 
by loss of hydride ion. 


The Tschichibabin Reaction 


Step 1 Addition of the amide ion to the ring: 


NH, 
Sus ы 
OC — Се 
M H N_ NH 


Step 2 Loss of hydride ion to a nearby electrophile: 
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Step 3 Abstraction of an amine hydrogen by the hydride: 


< ә 
| » * NaH ---- | we. + Н, 
N NH 


N^ NE, 


Step 4 Protonation by water: 


~ Б 
| Ва Й + НО > | m + HO 
М NH, 


The 2-aminopyridines produced by this reaction are useful starting materials for the synthesis 
of other substituted pyridines. For example, diazotization of the aminopyridine generates a diazo- 
nium salt that can be converted easily to a halopyridine or a hydroxypyridine. (Refer to Chapter 20 
for the chemistry of diazonium salts.) 

Phenyllithium reacts with pyridines in a manner sililar to that of sodium amide. Again, the 
overall effect is replacement of a hydrogen from Ше a-carbon site, in this instance by a phenyl 
group, as shown in Equation 27.4. 


MT Сента МУ 
— > 
| > toluene | 2 
М Н М СН; 
50% yield (Еа. 27.4) 


BASICITIES ОҒ THE NITROGEN HETEROCYCLES 


The basicities of pyrrole and pyridine differ greatly from each other and from those of the cor- 
responding saturated molecules, pyrrolidine and piperidine. The pK, values of their conjugate 
acids are given in Figure 27.11. Remember that the larger the pK, of the conjugate acid, the 
stronger the parent base. 

How can we rationalize these differences in basicity? First, we note that the two nonaromatic 
heterocycles have approximately the same basicity, which are quite similar to what we observe 
for open-chain secondary amines. There appears to be nothing particularly unusual about the 
basicity of these heterocycles. (However, their nucleophilicities are greater than those of similar 
secondary open-chain amines, a fact that makes them useful for enamine formation.) 

However, both pyridine and pyrrole are significantly less basic than either of their saturated 
counterparts. Furthermore, there is a large difference in the basicities of pyrrole and pyridine. 
We can begin to understand this difference by considering the hybridization of the unshared 
valence electron pair on nitrogen. For any one of these compounds to act as a base, a nitrogen 
unshared valence level electron pair must be used to bind to a proton. In the instances of pyrro- 
lidine and piperidine, the nitrogen unshared valence level electron pair occupies an sp? hybrid 
orbital, whereas in pyridine it occupies an sp? hybrid orbital. The percentage of s character for 
the unshared valence level electron pair in piperidine (and pyrrolidine) is 25% whereas it is 33% 
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increasing basicity 


сос 


| 
H 


pK, of -4 5.2 11.1 11.2 
conjugate acid 


Figure 27.11 Variation in the basicities of nitrogen heterocycles. 


with pyridine. The greater the s character of a hydrid orbital, the more tightly electrons 
occupying it are held to the parent nucleus, and correspondingly, the /ess available they are for 
binding to an acidic proton. This analysis explains the reduced basicity of pyridine compared to 
piperidine and pyrrolidine. We used this type of reasoning earlier in analyzing the enhanced 
acidity of terminal alkynes compared to other hydrocarbons (Chapter 15) and in comparing the 
basicities of amines, imines, and nitriles (Chapter 20). 

The remaining question concerns the very weak basicity of pyrrole. In Chapter 20 we con- 
sidered this point, noting that with pyrrole the nitrogen uses its (nominally) unshared valence 
level electron pair to complete the aromatic sextet of the ring. On protonation, pyrrole loses its 
aromatic character. Protonation of pyrrole therefore is a relatively unfavorable process. 


27.5 SPECIAL REACTIONS OF FIVE-MEMBERED RINGS 


REACTIONS WITH ACIDS 


Although pyrrole is a very weak base, it can be protonated by strong acid. However, protonation 
occurs not at nitrogen but instead at the a-carbon atom. Protonation at any position of pyrrole 
necessarily destroys the aromatic character of the system. However, protonation at the a-carbon 
site produces a cation that is resonance stabilized. Protonation af nitrogen produces a cation 
without such stabilization, as is illustrated in Figure 27.12. 

In fact, pyrrole polymerizes when treated with strong acid. The polymerization process 
begins with the interaction of a protonated pyrrole molecule with an unprotonated molecule, and 
the adduct continues to react with additional unprotonated molecules. There is considerable 
interest in polypyrroles as electrically conducting polymers. 

Furan reacts almost explosively with strong acids. However, with dilute mineral acids a con- 
trolled reaction occurs leading to an opened-ring product, a 1,4-dicarbonyl compound. An 
example of this ring-opening reaction is shown in Equation 27.5. The mechanism of this reac- 
tion involves an initial protonation of the furan ring at the B-carbon atom. Protonation is 
followed by a nucleophilic attack by water on the a-carbon to form a hemiketal. The hemiketal 
then opens to form the diketone product. 
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+ 
Ж H m H 
/ <-> + <-> 
a-carbon м^ н 
| 


protonation 
H H 
/ \ three resonance structures 


N 
1 bu 


/ А 


+ 
N 
£N 
Н Н 


no delocalization 
of charge 


FIGURE 27.12 Comparison of protonation of pyrrole at the nitrogen and at the a-carbon 
site. The cation formed on protonation at the o-carbon is resonance stabilized. 


Thiophene, unlike pyrrole and furan, is stable to acidic conditions. 
O 
LN = EE га аи, 
------------- 
H5SO,, heat 
О 29 74» 0 
90% yield (Eq. 27.5) 


Reaction of Furan with Strong Acids 


Step 1 Protonation of the B-carbon atom of the furan ring. (Protonation of the О-сагВоп also 
occurs, but does not lead to product.) 


га - ДА 


+ HSO% 
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Step 2 Nucleophilic attack by water. 


H H 
No7 


На O H 
+ 
5-2 him 
О О 


Step 3 Acid-base equilibration involving the cyclic hemiketal. 


H H 
z " H20 ч 930? 
----- 
/ OH, -4—— / он => 
H30* H,O 
О О 


| 
Step 4 Ring opening. 
H H 
H H 
+ 
/ OH ге 
+ ај cd 
а 
H 
Step 5 Deprotonation. 
H 
+ 
/ OH H,O 
gu EL + Но” 


H H 


Step 6 Keto-enol tautomerism. 


FR" 


М 
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Driers-ALpen REACTIONS 


Another area in which there is a marked difference in the reactivity of the three common five- 
membered ring heteroaromatics is their ability to participate in the Diels-Alder reaction as the diene 
component. Furan and its derivatives react readily with typical dienophiles, as is illustrated in 
Equation 27.6, while pyrroles are either inert to such reactions or proceed only with great difficulty. 


O 


NH 
P O 


95% yield (Eq. 27.6) 


In all of these reactions we detect a pattern in reactivity. The general order of reactivity is: 
furan > pyrrole > thiophene 


The heteroatom appears to participate in the aromatic stabilization to the greatest extent in thio- 
phene and the least extent in furan. This observation is consistent with the idea that oxygen holds 
its unshared valence electron pairs closest to itself and participates in delocalization the least. 


27-6 SPECIAL REACTIONS OF P¥YRIDINES 


М-Охтре FORMATION AND REACTIVITY 


Like ordinary tertiary amines, pyridines are oxidized by hydrogen peroxide to form N-oxides. 
An example is shown in Equation 27.7. The pyridine N-oxides are useful materials. For exam- 
ple, they are much more reactive in electrophilic substitution reactions than are their parent 
pyridines. In Figure 27.13 the reactivities of pyridine and pyridine N-oxide toward nitration are 
compared. Even under drastic reaction conditions, the parent pyridine furnishes a poor yield of 
nitration product, while pyridine N-oxide provides a 90% yield. Notice as well that there is a dif- 
ference in the regioselectivity of the two reactions. With pyridine substitution occurs at the 
В-роѕійоп, while with the N-oxide substitution occurs primarily at the y-position. 


| us 30% НО, | us 
— > 
2 CH4CO;H 2 
N 70°C T 
О 


75% yield (Eq. 27.7) 
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SN HNO; , KNO; CY 
— 
| м7 330°С | м7 
15% yield 
NO; 
BS fuming HNO; T 
| Ме Н,804, 90°C | м 
o- 2 
90% yield 


Figure 27.13 Comparison of nitration reactions of pyridine and pyridine N-oxide. 


Various procedures are available for the deoxygenation of pyridine N-oxides. A common 
procedure involves heating the N-oxide with phosphorus trichloride. You might wonder why we 
would introduce an oxygen at the nitrogen of a pyridine only to remove it. The explanation is 
that this operation is useful in organic syntheses. For example, 4-nitropyridine can be synthe- 
sized from pyridine with relative ease proceeding through the N-oxide. Direct nitration of 
pyridine to obtain the 4-nitro derivative is unproductive, but if we first convert the pyridine to its 
N-oxide, then nitrate it, and finish with treatment with phosphorus trichloride, we obtain the 
4-nitropyridine in good yield. 

Pyridine N-oxides also react with organometallics, undergoing attack by the nucleophile at 
the 2-position, and they react at the oxygen with alkyl and acyl halides. 


ALKYL Sipe-CHAIN REACTIVITY 


Alkyl groups attached to pyridine rings behave in some ways like those attached to benzene 
rings. However, they also have some special properties attributable to the electron-withdrawing 
effect of the nitrogen atom in the ring. 

The greatest similarity between alkyl groups on pyridine rings and alkyl groups on benzene 
rings is their susceptibility to oxidation to become ring-attached carboxyl groups. An example 
of this type of reaction for a pyridine derivative is shown in Equation 27.8. 


CH; CO; *K сон 
< КМпО4 ~ aq. acid “ 
=» Qu 
2 KOH, heat 2 > 
М М М 


75% yield (Eq. 27.8) 
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A significant difference in the nature of alkyl-substituted pyridines and benzenes lies in 

the markedly enhanced acidities of hydrogen at the о-розшоп of the alkyl groups of 2- and 
4-alkylpyridines. We rationalize the enhanced acidity of these compounds by considering the 
stabilization afforded the conjugate base formed upon proton removal, as is illustrated in 
Figure 27.14. 
As a result of their enhanced acidity, we can use weaker bases to remove a proton from 2- and 
4-alkylpyridines than we can use with alkylbenzenes. The conjugate bases produced from the 
alkylpyridines function as efficient carbon nucleophiles in a variety of reactions. For example, it 
is possible to effect alkylation, as is illustrated in Equation 27.9. 


2 | 
th 2 


Li 
CH3CH Br 
CL 
7 
N Га 
CH,CH3 
91% yield (Eq. 27.9) 
CHR, ~ CR; CR, 
№ Базе BN 
| — | —À | | <>» еіс. 
> > 
М М N 
BN SS BN 
| base e ке Ch <> еіс. 
= 7 .. 
М CHR; N CR, М СЕ, 


FIGURE 27.14 Resonance structures for the conjugate bases of 2- and 4-alkylpyridines. In 
both molecules, the negative charge of the anion is delocalized to the 
electron-withdrawing nitrogen atom of the ring. With alkylbenzenes, there 
is no electron-withdrawing atom in the ring to provide the particular 
stabilization for the negative charge. 
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We also find that 2- and 4-methylpyridines undergo aldol-like condensations with aldehydes, 
as shown in Equation 27.10. 


5 сұн;сно 3 
— > 
> 


40% yield (Еа. 27.10) 


27.7 QUINOLINE, ISOQUINOLINE, AND INDOLE 


Quinoline, isoquinoline, and indole are fused-ring heterocycles in which a pyridine (in quino- 
line and isoquinoline) or a pyrrole (in indole) ring is fused with four other carbons to incorporate 
a benzene ring structure. The chemistry of these substances is a blend of the chemistry of a ben- 
zene ring and a heteroaromatic compound. Many derivatives of these fused-ring heterocycles are 
important biologically derived compounds and/or exhibit pharmacological effects in humans. 
Several examples are shown in Figure 27.15. 


СНО 


papaverine 


an isoquinoline heterocycle from 
the seeds of papaver somniferum, 


quinine the opium poppy 


a quinoline heterocycle from the 
bark of the chinchona tree, used 
as an antimalarial drug 


N(CH3) 
NH 
N,N-dimethyltryptamine 


an indole heterocycle that 
acts as a hallucinogen 


FicuRE 27.15 Examples of physiologically active derivatives of quinoline, isoquinoline, 
and indole. 
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PREPARATIVE METHODS 


Quinoline The Skraup synthesis is a general route to quinolines starting from an aromatic 
amine (aniline, or a substituted aniline). In a typical procedure, the aromatic amine is heated 
with a mixture of glycerol, sulfuric acid, and an oxidizing agent such as nitrobenzene. The syn- 
thesis of quinoline using these reagents is shown in Equation 27.11. The mechanism of the 
reaction involves the formation of acrolein which then undergoes condensation to form the 
heterocycle. 


CH,(OH)CH(OH)CH,OH = 
NH, Н,804, C&;H5NO; N^ 


85% yield (Ка. 27.11) 


The oxidant illustrated in Step 5 of the mechanism is nitrobenzene—the original reagent 
used in the Skraup synthesis. An improvement in the reaction procedure uses phosphoric acid 
(H3PO,) to replace the sulfuric acid and the nitrobenzene. Phosphoric acid serves both as the 
strong acid for the reaction and the oxidizing agent yielding phosphorous acid (НзРОз) as the 
by-product. 

Quinolines substituted in the benzene ring portion are available via the Skraup synthesis 
using appropriately substituted anilines. 


Isoquinolines The Bischler-Napieralski synthesis is a general route to isoquinolines. 
A phenylethylamine reacts with a carboxylic acid halide to form an amide, which is cyclized 
with loss of water, to form a 3,4-dihydroisoquinoline. Aromatization is accomplished by dehy- 
drogenation over Pd/C. The preparation of 1-methylisoquinoline using this method is illustrated 
in Figure 27.16. 


Indoles The parent material indole (Figure 27.2) is found in jasmine and orange-blossom oils 
and can be isolated along with some of its derivatives from coal tar. The most important general 
method for the preparation of indole derivatives (but not indole itself) is the Fischer indole syn- 
thesis. This process involves the heating of the phenylhydrazone derivative of an aldehyde, 
ketone, or ketoacid with an acid catalyst such as polyphosphoric acid, zinc chloride, or boron 
trifluoride etherate. The preparations of two substituted indoles using this approach are shown 
in Equation 27.12 and Equation 27.13. The mechanism of the reaction involves elimination of 
one of nitrogens as ammonia. 


НЗС C6H5 
polyphosphoric acid 
ME Е. E C6H5 
N o 
NH^ 100°C 


75% yield (Eq. 27.12) 
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The Skraup Synthesis 


Step 1 Dehydration of glycerol to acrolein. 


н,50; 
м 
CH,(OH)CH(OH)CH,OH Z сно 


The details of acid-catalyzed alcohol dehydration have been covered in detail previously. You 
should write out the individual steps of this overall process as an exercise. Acrolein can not be 
used directly as a reagent in the Skraup synthesis because at high concentration it undergoes 
polymerization under the reaction conditions and does not lead to quinoline. The acrolein must 
be generated in situ in low concentration. 


Step 2 Conjugate addition of the aromatic amine to acrolein. 


а. 
O ^g — o 
Ж 747 
АН ^R фи 
s 
aH" 
О 
H 
NH 


Conjugate additions and the subsequent proton transfers were discussed in Chapter 23. 


Step 3 Ring-closure through electrophilic aromatic substitution. 


О OH HO H 
+ 
H H2504 
N 
NH NH | 
H 
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Step 4 Dehydration. 


HO H 
< 
H5SO, T H,O 
------- 
М 
М | 
| H 
H 
Step 5 Oxidation. 
< 
CHNO, ЗА 
N —=— + H,O + CHNO 
| N 
H 


СН;СОСІ 
о 
NH, NHC(O)CH; 
95% yield 
P205 
NHC(O)CH; =.> UN 
СН; 
83% yield 
Pd/C Sus 
N ------- 
> ZN 
СН; CH, 
93% yield 


Ғісиве 27.16 Preparation of 1-methylisoquinoline using the Bischler-Napieralski method. 
The overall route produces 1-methylisoquinoline in 7396 yield. 
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Conversion of a Phenylhydrazone to an Indole 


Step 1 Protonation and tautomerization of the phenylhydrazone. 


Н.С R Н.С В 
т acid ae 
| = X 
p N "d 


This step requires the presence of at least one 0-hydrogen in the original carbonyl com- 
pound and its phenylhydrazone derivative. 
Step 2 Electrocyclic rearrangement. (The nature of this type of rearrangement will be discussed 


in Chapter 30.) 
H,C R 
| == | 
| 
NH NH 
+ “ун, 


Step 3 Proton loss and aromatization. Any base present in ће system (е. о., the conjugate base 
of the acid used) can remove the proton from the ring. 
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Step 4 Protonation and nucleophilic addition. 


| 


H 
R 
+ 


Step 5 Tautomerization and loss of ammonia. Again, any base present in the system can cause 
the elimination of ammonia to occur. Note that the completion of this step requires the 
presence of a second O-hydrogen in the original carbonyl compound and its phenylhy- 
drazone derivative. 


B: 


H 
H 
-- 
-- R 
А 
NH  NH3 
+ 


NH 


CHCH, 
ИС CH,CH,CH; 
CuCl 
I — > N CH; 
NH^ 200-250°C NH 
75% yield 


(Eq. 27.13) 
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NO; 
Es HNO; , H5SO, ToS "e 
— + 
2 30 min, 0°C 2 2 
N N N 
NO; 


(approximately 1:1) 


NO; 
< HNO; , H5SO, < "S 
ee 
ZN 30min, 0°C ЖОС ZN 


NO, 
(approximately 9:1) 


Figure 27.17 Electrophilic aromatic substitution in quinoline and isoquinoline. Reaction 
occurs principally in the benzene ring portion of the molecules. 


Quinoline, isoquinoline, and indole all undergo electrophilic aromatic substitution reactions. 
With quinoline and isoquinoline, reaction occurs principally in the benzene ring, as is illustrated 
in Figure 27.17. This result is understandable because benzene (particularly with amino substi- 
tution) is much more reactive toward electrophiles than is pyridine. 

Indole, on the other hand, undergoes electrophilic aromatic substitution principally in the 
heterocyclic portion of the molecule. This result is consistent with the greater reactivity of pyr- 
role compared to benzene in such reactions. An example is shown in Equation 27.14. 


NO, 
\ benzyl nitrate \ 
NH acetonitrile NH 
0°С 
35% yield (Eq. 27.14) 


* Nonaromatic heterocycles can usually be prepared from difunctional open-chain com- 
pounds. The functional group containing the desired heteroatom generally acts as a 
nucleophilic site and attacks the second functional group (such as a halogen), which 
serves as a leaving group in a nucleophilic substitution reaction. 
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The reactions of nonaromatic heterocycles are generally similar to those of their open-chain 
counterparts. Special reactivity is observed if there is strain in the ring, as with an epoxide. 
This strain results in facile ring-opening reactions. 


The most common heteroaromatics are those containing the heteroatom in a five- or six- 
membered ring. The five-membered ring compounds are generally more reactive than 
benzene to electrophilic aromatic substitution, and reaction occurs principally at the 
a-carbon atom site. The six-membered heteroaromatics are less reactive than is benzene 
toward electrophilic aromatic substitution, and substitution occurs principally at the 
B-carbon site of the ring. 


The regioselectivity of these reactions can be understood by considering the resonance 
structures for the cationic intermediates formed in the electrophilic addition. 


Nucleophilic displacement reactions are observed to occur at the o- and y-positions of 
pyridine rings. Not only can halogen be replaced at these positions, but so can hydrogen 
under suitable conditions. The most important example of hydrogen substitution in such 
systems is the Tchichibabin reaction in which a pyridine compound is heated with sodium 
amide to yield an amino pyridine. 


Fused-ring heterocycles contain a heteroaromatic ring fused to another ring, generally a 
benzene ring. The properties of such compounds are a blend of the properties of the two 
ring systems. 


Terms to Remember 


heterocycles Tschichibabin reaction Bischler-Napieralski synthesis 
heteroatoms N-oxides Fischer indole synthesis 
heteroaromatic fused-ring heterocycles 

pentosans Skraup synthesis 


Reactions of Synthetic Utility 


210. 


211. 


SN 1. хамн, SN 
| Zz 2: H,O | 2 

N N^ “мн, 
() *—— Q 

N 2 ү — — à T 2 
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212. 
glycerol 7X 
so 
2 
NH, Н;РО, N 
213. 
R' CHR R 
w acid 
N ---------- N R' 
d NH 


Problem 27.1 


Each of the following reactions results in the formation of a heterocyclic compound. For 
each reaction, provide the structure of the heterocyclic product and a mechanism for its 
formation. 


a) 
50% aq. KOH 
BrCH, C(CH 4) CH NHCH СН „МК 
2 C(CH 3); CH; 3 100PC 6 Hi3 
b) 
NaOH, H, O 
Се На -CH-CO;H — CoHg О, 
сња room temp. 
с) 
ы CHICH, CH, CH, NHCH, heat ol 
| — ————- nicotine 
2 
М 


(answer) 


Problem 27.2 


Suggest a structure for the bicyclic compound of formula CeH10SO formed in the 
following reaction: 


O H,O 
+Na,S * СбНо5О 
CH,I 


(answer) 


Problem 27.3 


Describe the laboratory synthesis of each of the following materials, starting with 


furfural. 
a) 
Q 
О CHOH 
b) 
Q 
О CO,H 
c) 
Q 
d) 
ГА 
ва C МН» 


(answer) 


Problem 27.4 


Describe the methods you would use to convert tetrahydrofuran to each of the following 
materials: 


a) 1,4-dibromobutane 
b) 1,4-dicyanobutane 


с) 1,6-hexanedioic acid 


(answer) 


Problem 27.5 


Although pyridine itself undergoes electrophilic bromine substitution only under extreme 
conditions, 2-aminopyridine undergoes bromination in the 5-position readily upon being 
mixed with bromine in acetic acid. Account for the difference in reactivities of these two 
materials. Would you expect 2-picolinic acid to be similar to 2-aminopyridine in its 
reactivity? Explain your reasoning. 


| _ 2 
N NH, N CO;H 
2-aminopyridine 2-picolinic acid 


(answer) 


Problem 27.6 


Would you expect nitrobenzene or aniline (both derivatives of benzene) to more closely 
resemble pyrrole in its reactivity toward electrophilic reagents for substitution? Explain 
your answer. 


(answer) 


Problem 27.7 
Consider the pyrimidine molecule (Figure 27.2): 


a) Predict the primary position of attack in electrophilic aromatic substitution 
reactions with pyrimidine 


b) Do you expect pyrimidine to be more reactive or less reactive than pyridine 
toward electrophilic attack? Explain your answer. 


(answer) 


Problem 27.8 


Predict the structure of the organic product in the following reaction: 


Cl 
YO NaOCH, CH, 
| —_ снос 
p HOCH, CH, 
N 


(answer) 


Problem 27.9 


4-Chloropyridine is commercially available in the form of its hydrochloride salt. 


CI 
= 
| Cr 

2 

М 

| + 

H 

hydrochloride salt 


of 4-chloropyridine 


a) What chemical operations would you perform in the laboratory to obtain a pure 
sample of 4-chloropyridine free of its hydrochloride salt? 


b) When freshly isolated, 4-chloropyridine is a clear liquid, but on standing it 
changes to a solid polymeric material. Explain the formation of this polymeric material. 


(answer) 


Problem 27.10 


Pyrimidine (Figure 27.2) is a weaker base than is pyridine, but imidazole is a stronger 
base than is pyrrole. Account for these relative basicities. 


(answer) 


Problem 27.11 


In considering Problem 27.10, a student suggested that because imidazole is a stronger 
base than is pyrrole, it must be a weaker acid than is pyrrole. Criticize this suggestion. 
Based on their structures, which compound, pyrrole or imidazole, would you expect to be 
more acidic? Explain your answers. 


(answer) 


Problem 27.12 


Account for the preferential protonation of pyrrole at the a-carbon atom rather than at the 
B-carbon atom. 


(answer) 


Problem 27.13 
Suggest a structure for polypyrrole. 


(answer) 


Problem 27.14 


Nitration of pyridine N-oxide follows the usual mechanism of electrophilic aromatic 
substitution. Nitronium ion adds to the aromatic ring in the rate-determining step to form 
an intermediate cation of the formula С5Н5№0Оз`. Draw resonance structures illustrating 
why nitration occurs principally at the 4-position (and 2-position) rather than at the 3- 
position. 


(answer) 


Problem 27.15 


One of the substances illustrated below is nitrated chiefly at the 4-position, while the 
other substance is nitrated mainly at the 3-position. Which substance is nitrated 
principally at the 4-position? Explain your answer. 


US ~ 

| tZ | + 
i N(CH 3); 7 NHC(O)CH ; 
Oo О- 


(answer) 


Problem 27.16 


Pyridine N-oxide reacts with phenylmagnesium bromide in tetrahydrofuran solution to 
give 2-phenylpyridine in 67% yield. Suggest a mechanism for this conversion. 


(answer) 


Problem 27.17 


Suggest a mechanism for the reaction of Equation 27.10. 


(answer) 


Problem 27.18 


Starting with 4-methylpyridine and toluene, suggest a synthesis for the compound shown 
below. 


CH, CH, C,Hs 


~ 


> 


N 


(answer) 


Problem 27.19 


What substituted anilines would you use to prepare each of the following quinolines 
using the Skraup synthesis? 


a) 
CH, 
S 
Ре 
H,C N 
b) 
HCO S 
> 
N 
NO, 


(answer) 


Problem 27.20 


How would you prepare the starting materials for the reactions shown in Equations 27.12 
and 27.13? 


(answer) 


Problem 27.21 


Predict the relative reactivities of quinoline and indole to electrophilic aromatic 
substitution of bromine. 


(answer) 


Problem 27.22 


Use resonance structures to account for the fact that indole undergoes electrophilic 
aromatic substitution principally at the 3-position, in contrast to pyrrole, which reacts 
chiefly at the 2-position. 


(answer) 


Problem 27.23 

Draw structures for each of the following compounds: 
a) 1,2-diisobutylaziridine 

b) 5-chloroindole 

с) 2,5-diphenylpyridine 

d) 6-chloro-2-methylquinoline 

e) 3-acetyl-2,5-dimethylthiophene 

f) 1 4-chlorophenyl)pyrrole 

g) 2-methyl-5-44-methoxyphenyl)thiophene 
h) 4-chloromethylpyridine 

1) 2-chloro-4,6-dimethyl-3-cyanopyridine 
j 4-chloropyridine hydrochloride 


k) 4-chloroquinoline-N-oxide 


(answer) 


Problem 27.24 
Provide names for each of the following structures: 


a) 


b) 


с) 


d) 


е) 


OCH, 


CH, СН(СН а) 


N 


NH 


9) 


(answer) 


Problem 27.25 


From each of the following pairs, choose the compound that exhibits the indicated 
property and explain your choice. 


a) more reactive toward bromine: pyridine or pyrrole 

b) more basic: pyridine or pyrrole 

с) more acidic: pyrrole or imidazole 

d) more basic: pyridine or 3-nitropyridine 

e) undergoes electrophilic aromatic substitution reactions on the benzene ring 


portion: quinoline or indole 


f) undergoes electrophilic aromatic substitution reactions more readily: furan or 2- 
furoic acid 


g) more reactive toward dienophiles: furan or thiophene 

h) more reactive toward nucleophiles: 2-chloropyridine or 2-chloropyrrole 

1) more reactive toward nucleophiles: 3-chloropyridine or 4-chloropyridine 

j undergoes more rapid condensation reactions with benzaldehyde under basic 


conditions to give a compound of formula C,3H,,N: 2-picoline ог 3-picoline 


k) reacts with sodium amide to form a primary amine: pyridine or pyrrole 
1) is the stronger acid: 
T + 
[y гу 

N E 

| 

H 
m) fails to form a quaternary ammonium salt on treatment with excess methyl iodide: 


pyridine or pyrrole 


(answer) 


Problem 27.26 


Provide structures for the organic products of each of the following reactions. 


a) thiophene treated with bromine and ferric bromide to yield a compound of 
formula C,H3BrS 
b) the product of reaction (a) in reaction with magnesium followed by treatment with 


carbon dioxide and work-up with aqueous acid 


с) pyridine in reaction with a mixture of fuming nitric and sulfuric acids 
d) pyridine treated with hydrogen peroxide in acetic acid 
e) the product of reaction (c) treated with a mixture of concentrated nitric and 


sulfuric acids 


f) the product of reaction (d) treated with phosphorus trichloride 
g) pyridine treated with iodomethane 
h) 4-picoline treated with hot, aqueous alkaline potassium permanganate and 


worked-up with aqueous acid 


1) 4-penten-1-ol treated with mercuric acetate in water followed by sodium 
borohydride to yield a cyclic ether of formula С НО 


j pyridine treated with phenyllithium 
k) pyrrolidine treated with acetic anhydride 
1) furfural treated with propanone in the presence of base 


m) pyridine treated with benzyl chloride 


n) 2,5-diethylfuran treated with sulfuric acid and water to yield a compound of 
formula СН 140 
0) 3-aminopyridine treated with glycerol in the presence of phosphoric acid 


(answer) 


Problem 27.27 
When 3,4-dimethylpyridine is treated with one equivalent amount of butyllithium 


followed by iodomethane, a product of formula СНИМ is formed. Give a structure for 
this product. 


(answer) 


Problem 27.28 


There exists a tautomeric equilibrium between 2-pyridone and 2-hydroxypyridine, as 
shown below. 


р or 
> 
D | 
N OH N O 


Would you anticipate that a similar equilibrium would exist for 3-hydroxypyridine? 
Explain why or why not. 


(answer) 


Problem 27.29 


Give synthetic procedures for the preparation of each of the following, starting with 
benzene or simple derivatives of benzene. 


a) 1-benzylisoquinoline 
b) 6-quinolinecarboxylic acid 
с) 5-те(һоху-4,7-рһепап(һгоПпе (shown below) 
OCH; 
N 
SS 
мү М2 
| 
27 


(answer) 


Problem 27.30 


Each of the following compounds is an important analytical reagent. Give reaction 
sequences for their preparation starting with the indicated materials. 


a) 8-hydroxyquinoline from a disubstituted benzene derivative using a Skraup 
synthesis 
b) 1,10-phenanthroline (structure given below), starting with a disubstituted benzene 


derivative and using a Skraup synthesis 


S 
2 
CSS N 
UN 
с) 4«2-pyridylazo)resorcinol (structure given below), starting with a 


monosubstituted pyridine and a disubstituted benzene derivative and using a diazo 
coupling reaction 


OH 


(answer) 


Problem 27.31 


Tell how each of the following synthetic conversions could be accomplished. 


a) 
CH; сн, он 
СҮ Ви 
> 
N N 


b) 
NHC(O)CH , 
% Su 
m= QC 
N N 
c) 
NO, 
S S 
Де € 
N^ “сн, N^ ~CO,H 
d) 
СУ == Гу 
О сно б CO, CH,CH, 
e) 
AN - Гу 
o^ CHO о  CH-CHC(O)CH,; 
f) 
СОН N(CH,), 
5 $ 


(answer) 


Problem 27.32 


Consider the synthetic route shown below for the preparation of the unsaturated lactone 
D. Give the structures of compounds A-C. 


H—CZC—CO,H + 2 equivalent LiN[CH(CH 3): — A 
(C505Li5) 
100 
НС CH; 
2. aq. acid 
Y 
aq. acid H5, Pd/BaSO, 
р В 


(С7Н |003) 
№ broad IR absorption 
H с” о D in the range 2500-3500 cm! 
3 


(answer) 


Problem 27.33 
Suggest mechanisms for each of the following conversions. 


a) 


b) 
H, C=O, НСІ 
ИА EUN 
S Њо S CH, OH 

c) 

(C; H5); C —CO,H NaOH 

| > Hs Ce 
CH, Cl H,O 
C,H; 
d) 
H, NCH, CH, NH, 
» 


acid 


е) 


CH, 


CH, 


Н, N-NH, 


CH, 


H,CO,C 


Н; CO —— 
H,C О aq. dioxane 
f) 
Н.С 
М CH,0, C—C=C—CO, CH, 
CH3CH20 2 


h) 


NaOH, heat 


H,O 


0: СН, O 


á к 


CO,CH; 


4 ) СОСН, СНз 
| heat N 


+ N — > со, CH, CH; 


X N 


(answer) 


27.1-answer 


ЖЫ; 


а) 


ВгСН,С(СН 3);CH;NHCH; > 


b) 


C,H;- CH- CO, 
| 
Uo 


«2 


V 


с) 


СНСН,СН,СН,МНСН 
Du л” 
© 


М 


> 


СН; 


CH, 
et 
N 
X 
CH, 


27.2-answer 


HO 


27.3-answer 


a) 


CHO 


b) 


CHO 


с) 


СНО 


М — М 
е) о е) 
Mo 222 >> 


“= 
© 
p 


d) 


а 


о “сон 


NaBH,, HOCH, CH; 


MACON. . H,O, NH, 


NaBH,, HOCH, CH; 


во O 


2. NH, 


Я TN OH 


T 


TsCl 
pyridine 


бешш m qt А HOCH, CH, D 
в CH, OTs 


| чи 


27.4-answer 
a) HBr, H20, heat 


b) 1. HBr, H20, heat 
2. Маск, ЊО 


с) 1. HBr, H20, heat 
2. NaCN, Н-О 
3. H2SO.4, Н2О, heat 


27.5-answer 


With 2-aminopyridine the 5-position is particularly activated toward electrophilic 
aromatic substitution since the unshared pair of electrons on the nitrogen external to the 
ring can be delocalized to that position (5-position carbon) to stabilize the intermediate 
cation. While some increased reactivity would be expected, we would not expect 2- 
picolinic acid to be so strongly activated since there is no valence level unshared electron 
pair on the atom attached to the ring. 


27.6-answer 


Aniline - The unshared electron pair on the nitrogen of aniline acts in the manner we find 
for pyrrole in stabilizing the cationic intermediate of the electrophilic aromatic 
substitution reaction. Nitrobenzene has no such unshared valence level electron pair on 
nitrogen and is unable to so stabilize the corresponding cationic intermediate. 


27.7 answer 


a) | 
most reactive 
site for 
electrophilic 
aromatic 
substitution 


5554 O 
7 
2 

b) We would predict pyrimidine to be less reactive than pyridine in electrophilic 


aromatic substitution reactions. There are two sp? nitrogen atoms in the ring in pyrimidine 
providing unfavorable interactions for electrophilic aromatic substitution. 


27.8-answer 


OCH, CH; 


1 
SN С 


7 


N 


27.9-answer 


a) One would treat the hydrochloride salt with aqueous NaHCO; solution to generate 
the free amine which would then be extracted from the aqueous medium using an organic 
solvent such as ether. The ether would be dried over a suitable drying agent, such as 
anhydrous calcium chloride, and evaporated to give the pure 4-chloropyridine. 


b) On standing, the 4-chloropyridine undergoes a polymerization reaction in which 
the nucleophilic nitrogen of the 4-chloropyridine performs a nucleophilic attack on the 4- 
position of another molecule of 4-chloropyridine, ultimately displacing the chloride as the 
ion. The result is a polymer of general structure: 


(n+1) СІ: 


27.10-answer 


The electron-withdrawing effect of the additional nitrogen in pyrimidine reduces the 
basicity of each of these sites in pyrimidine relative to pyridine, which has only a single 
nitrogen. 


In a consideration of pyrrole vs. imidazole, we note that the sp? hybridized nitrogen of 
imidazole, with the unshared valence level electron pair in such an sp hybridized orbital, 
is the basic site. It is much more basic than the "М-Н" site in either pyrrole or imidazole, 
each of which has its valence level electron pair in a p orbital which is part of the 
aromatic system of the ring. 


27.11-answer 


It does not follow that since the basicity of a species is greater than that of another 
species, its acidity will be less than that of the second species. (Consider water: it is both 
more basic and more acidic than is methane.) We can only say that since the basicity of a 
species A is greater than that of species B, the conjugate acid of A will be less acidic than 
the conjugate acid of B. 


Imidazole is both more acidic and more basic than is pyrrole. Considering the conjugate 
base of imidazole, we find the negative charge to be delocalized onto the more 
electronegative nitrogen atom of the ring, which is not possible with pyrrole. This renders 
imidazole more acidic (stabilization of the conjugate base) than is pyrrole. 


27.12-answer 


There is a greater degree of charge delocalization when the a-carbon of pyrrole is 
protonated than when the B-carbon of pyrrole is protonated. That is, more and better 
resonance structures can be written. 


27.13-answer 


27.14-answer 


4-position (and 2-position) substitution 


H NO, H NO, 
+ + 
м + ront tZ 
N 2 
| 
о о 
OS NO;* 
P - 
N + H 
| 2 Any other resonance 
о | " NO, structure we would 
2 attempt to write woulc 


have positive charges 
О” on adjacent atoms. 


3-position substitution 


27.15-answer 
< 
mi 
N N(CH;), 
| 
O 


The 2-dimethylaminopyridine N-oxide is nitrated chiefly at the 3-position. The 
intermediate for attack at the 3-position is favored by resonance stabilization. Such 
stabilization is not possible in the 2-acetamidopyridine N-oxide owing to electron 
delocalization to the amide oxygen. 


27.16-answer 


iis 
+ 4 
М MAT 
О - | СН; 


| к + HOMgBr 


2 


IN С 6Н5 


27.17-answer 


N° “сн, N° “сн, 
H 
/ 
C 
\\ 
О 


N° ^CH,CH(0)C,H; 


Э | 
м2 “сн, 7 
| = base | = 
а. 


> 
N° ^CH-CHC4H; N° ~CH,CH(OH)C,H; 


27.18-answer 


1. Treatment of toluene with bromine on irradiation with light. 

2. Oxidation of the resulting benzyl bromide to benzaldehyde using DMSO. 

3. Treatment of benzaldehyde with 4-methylpyridine and potassium acetate. 

4. Reduction of the resulting alkene with hydrogen over platinum oxide to generate the 
target material. 


27.19-answer 


a) 
CH, 


NH, 
NO, 


27.20-answer 
For Equation 27.12: 


Treat acetophenone with phenylhydrazine in the presence of an acid catalyst. 


For Equation 27.13: 


Treat 2-pentanone with phenylhydrazine in the presence of an acid catalyst. 


27.21-answer 
For Equation 27.12: 


Indole is more reactive than is quinoline. 


27.22-answer 


The "benzene" ring portion of indole provides greater resonance stabilization for the 
intermediate derived from attack at the 3-position than for that derived from attack at the 
2-position. No associated "benzene" ring portion is present in pyrrole to provide such 
stabilization. 


27.23-answer 


(СН;),СНСН, 


М С? СН, СН(СН;); 


b) 
сі 
OX 
NH 
с) 
H; C6 ~ 
КИ 
N С; H; 
d) 
сі 
5 
7 
N CH; 
e) 
H, CC(O) 
H3C A. СН; 
f) 


9) 


h) 


2) 


К) 


А CH, 
H,CO 
СН, СІ 
S 
RP 
N 
CH, 
CN 
S 


CI 
< 
|+. 
1 сі 
H 
CI 
S 


27.24-answer 


a) 
b) 
с) 
d) 
e) 
f) 
g 
h) 


i) 


2-aminopyridine 
2-sec-butylthiophene 
2-chloro-3,5 -dinitropyridine 
1-methylpyrrole 
8-methoxyquinoline 
3-isobutylindole 
2,2-dimethyloxirane 
1-ethylpyrrolidine 


3-bromo-4-chlorofuran 


27.25-answer 
a) pyrrole - Pyrrole is more reactive in electrophilic aromatic substitution. 


b) pyridine - The pyrrole nitrogen is not a basic site; aromatic character is lost from 
pyrrole upon protonation. 


с) imidazole - There is a greater stabilization of the anion with imidazole. 
d) quinoline - There is a greater stabilization of the anion with imidazole. 
e) quinoline - There is a greater stabilization in indole for reaction on the "pyrrole" 


ring position. 
f) furan - 2-Furoic acid has an electron-withdrawing group on the ring. 
g) thiophene - Thiophene has a lower degree of aromatic stabilization. 


h) 2-chloropyridine - With 2-chloropyridine there is a greater stabilization of the 
intermediate. 


1) 4-chloropyridine - With 4-chloropyridine there is a greater stabilization of the 
intermediate. 

k) pyridine - With pyridine there is a greater stabilization of the intermediate. 

1) The ion with oxygen in the ring is the stronger acid as it has a weaker conjugate 
base. 


m) pyrrole - The nitrogen of pyrrole is not a nucleophilic site. 


27.26-answer 


h) 


2) 
К) 


C(O)CH; 


| \ J C(O)CH , 


O 
m) 
< 
E 
Рр 
n Cr 
CH, C,H; 


n) 
CH3CH;C(O)CH;CH,C(O)CH;CH; 


0) 


2- 
N 
N 


27.27-answer 


27.28-answer 


We would not expect such an equilibrium for 3-hydroxypyridine as the continuous л 
system of the ring (and thereby aromatic stabilization) would be lost. Either the nitrogen 
would be quaternized (and thereby unable to provide an orbital for the ring 
delocalization) or there would be charge separation (+ and -) involving the 2- and 6- 
positions of the ring. 


27.29-answer 


a) 1. Treatment of 2-phenylethylamine with phenylacetyl chloride to form an amide. 
2. Ring closure using phosphorus pentoxide. 
3. Aromatization (dehydrogenation) by passing nitrogen over the compound while 
heating in the presence of palladium on charcoal. 


b) 1. Treatment of 4-methylaniline with glycerol in the presence of sulfuric acid. 
2. Aromatization by dehydrogenation using nitrobenzene. 
3. Side-chain oxidation using potassium permanganate in aqueous base. 


с) Treatment of 4-amino-2-methoxyaniline with two equivalent amounts of glycerol 
in the presence of phosphoric acid. 


27.30-answer 


a) 1. Treatment of 2-methoxyaniline with glycerol in the presence of phosphoric acid 
2. Reaction with aqueous HI 


b) Treatment of 1,2-diaminobenzene with two equivalent amounts of glycerol in the 
presence of phosphoric acid 


с) 1. Treatment of 2-aminopyridine with sodium nitrite in aqueous sulfuric acid at 
0°С 
2. Adjustment of the pH to -9 with the addition of 3-hydroxyphenol 


27.31-answer 


a) 


b) 


с) 


4) 


е) 


1. Treatment with bromine and irradiation with light 
2. Aqueous potassium hydroxide 


. Treatment with sulfuric acid and nitric acid 
. Tin, hydrochloric acid 
3. Acetic anhydride 


Oe 


1. Treatment with aqueous basic potassium permanganate 
2. Sulfuric acid, nitric acid, heat 


1. Treatment with Tollens' reagent 
2. Thionyl chloride 
3. Ethanol in the presence of pyridine 


Treatment with acetone in the presence of potassium hydroxide 


1. Treatment with thionyl chloride 

2. Ammonia 

3. Bromine, aqueous potassium hydroxide 

4. Two sequential treatments with formaldehyde and formic acid 


27.32-answer 


27.33-answer 


a) 
+ JH H 
О H* ( О d 
+ 
— — 
МУ 
-H* 
Y 
O 
b) 
cr ГАМЕ / \ H 
+ 5 
Н 
њс=о + HCl ----- Н,С-ОН > jt 
S — CH,OH 
-H* 
Y 
S  CHjOH 
с) The base in the solution generates the carboxylate anion of the starting molecule, 


which performs an intramolecular displacement of the chloride ion to form the lactone. 


d) Each of the amino groups of the ethylenediamine (Н-МСН-СН;МН,) performs an 
imine formation reaction with a carbonyl group of the starting molecule. 


e) One of the two methoxy groups is protonated, followed by loss of a molecule of 
methanol. The resultant carbocation undergoes cleavage of a C-O ring bond to generate 
one carbonyl group with a carbocation site remaining at the carbon from which the 


oxygen departed. Water adds to the carbocation site, and after loss of a proton, yields a 
hemiacetal at that site. The hemiacetal then loses methanol to generate the dicarbonyl 
intermediate. This species then undergoes two imine forming reactions with the 
ethylenediamine to generate the final product. 


f) 
ОСН) CH; 
O == H,C 
H = С =< — Н 3 
CH,CH,O ( У CH30; C—C=C —CO;CH; К CO,CH; 
/ 
N  Diels-Alder addition N 
H,C 
3 CO; CH; 
retro-Diels-Alder 
Y 
СН; ОС CO,CH, 
СН» CN + / \ 
CH; СНО о 
g) The aqueous base converts the amine hydrochloride to the free amine. The 


nitrogen of the free amine performs a nucleophilic substitution reaction to displace 
chloride ion and form a three-membered ring with a quaternary nitrogen atom as one 
member of the ring. Chloride ion then attacks the more highly substituted carbon of the 
three-membered ring to displace the free tertiary amine site of the final product. 


h) The double bond of the enamine attacks a carbon of the three membered ring 
breaking a C-N bond and leaving a negative charge on nitrogen. The electron-rich 
nitrogen attacks the electron-deficient carbon of the C=N linkage (formed with the 
enamine nitrogen in the first step) to generate a new ring with a C-N bond and free the 
original enamine nitrogen as a tertiary amine site. 


NUCLEOSIDES, NUCLEOTIDES, 
AND Мисівіс ACIDS 


28.1 INTRODUCTION 


In 1869, Friedrich Miescher isolated a phosphorus-containing compound from the nuclei of 
white blood cells. Later, it was discovered that similar phosphorus-containing compounds could 
be isolated from the nuclei of all cells. Because these compounds were acidic, the term nucleic 
acid was coined for them, although their structure was not known at the time. 

In spite of their early discovery (early considering the total time span of the systematic 
study of organic and biological chemistry), it is only in recent years that the role and even the 
molecular structure of nucleic acids have been uncovered. In 1944, Oswald T. Avery obtained 
data that implicated nucleic acids as the carriers of genetic information. In 1953, Francis 
Crick and James Watson elucidated the three-dimensional structure of deoxyribonucleic acid 
(DNA), one structural type of nucleic acid. Their work led to an understanding of the mecha- 
nism by which genetic information is copied, and marked the beginning of modern molecular 
biology. 

In 1957, a specific cellular function was found 
for another structural type of nucleic acid, ribonu- 
cleic acid (RNA). RNA was found to play pivotal JOHANN FRIEDRICH MIESCHER 
roles in the synthesis of enzymes, complex pro- ТЕН ыы ae 
teins that are the principal catalysts of chemical 
reactions in living systems (Chapter 26). It is the 
different collections of enzymes in different living 


Chemical Biography 


b. 1844 
d. 1895 


M.D. University of Basel 1868 


species that account for variations within species OSWALD THEODORE AVERY 
and from species to species. Nucleic acids, which b. 1877 
direct and facilitate enzyme synthesis, are passed d. 1955 
from generation to generation in the reproductive M.D. College of Physicians and 


process and account for hereditary similarities. Surgeons, Columbia University 1904 
Nucleic acids determine which amino acids are to 
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FRANCIS HARRY COMPTON 

CRICK 


b. 1916 

d. 2004 

Ph.D. Caius College, Cambridge 
University (Perutz) 1950 


Nobel Prize, 1954 (Medicine or 
Physiology) 


be assembled to make the enzyme molecules and 
in which order they are to be assembled. 

The chemical instructions for the assembly of 
the enzymes are contained in the sequence of 
subunits of nucleic acids. Just as the sequence of 
statements in a computer program determines the 
order in which a series of computational 
processes is performed, the sequence of subunits 
in a nucleic acid determines the order in which 
amino acids are assembled into enzymes. 
Different living species and different members of 
the same species have different sets of nucleic 
acids, which account not only for the different 
natures of various species, but also for the unique 
nature of each individual within a species. 
Furthermore, each cell of each individual carries 
the nucleic acid to direct the synthesis of all of 
the particular enzymes of that individual. 


A first step toward understanding the nature 
of nucleic acids and their biological role is to 
consider the structural components of these large molecules. We will do so in light of our earlier 
discussions of carbohydrates, esters, and heterocyclic compounds. 


28.2 NUCLEIC ACID STRUCTURE 


GENERAL 


The structures of nucleic acids are best appreciated by first focusing on their components. Nucleic 
acids consist of individual units known as nucleosides, which are joined to each other through 
phosphate diester linkages (Chapter 6). Individual nucleosides differ in the identity of their 
carbohydrate and heterocyclic portions. A specific nucleic acid molecule is defined by the iden- 
tity of the carbohydrate that all of its nucleoside units contain and by the sequence of nitrogenous 
heterocyclic portions along its continuous chain. 


NUCLEOSIDES 


General Structure A nucleoside consists of two parts—a carbohydrate and a nitrogenous 
heterocycle (usually referred to as a “Базе”). The anomeric position (see Chapter 24) of the 
carbohydrate is linked to a nitrogen atom of the heterocyclic base. The nucleoside molecule is 
therefore a type of acetal in which one of the two electronegative atoms bound to the anomeric 
carbon is nitrogen and the other is oxygen (see Figure 28.1). 


The Carbohydrate Portion of Nucleosides The carbohydrate portion of nucleosides is usu- 
ally derived from one of two carbohydrates, the furanose form of D-ribose (28.1) or the furanose 
form of D-2-deoxyribose (28.2). Within a particular nucleic acid molecule, all of the nucleoside 
components contain the same carbohydrate portion. If the nucleic acid contains only D-ribose, it is 
classified as a ribonucleic acid (RNA), and if it contains only D-2-deoxyribose, it is classified as a 
deoxyribonucleic acid. 
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Figure 28.1 General structure of a nucleoside. The nitrogenous heterocycle is bound 
through a nitrogen atom to the anomeric carbon atom of the carbohydrate 
portion of the molecule. 


HO OH HO OH 
O O 
HO OH HO 
D-ribose (furanose form) D-2-deoxyribose (furanose form) 
28.1 28.2 


The Base Portion of Nucleosides The five nitrogenous heterocycles commonly found in the 
nucleosides of nucleic acids are shown in Figure 28.2. 

In nucleosides, these nitrogenous heterocycles are bound to the anomeric carbon atom 
(carbon #1) of the carbohydrate component. Several examples of biologically occurring nucle- 
osides are shown in Figure 28.3. 


NUCLEOTIDES 


A nucleotide is a nucleoside in which one (or more) of the hydroxyl oxygen atoms of the 
carbohydrate component is bound in a phosphate ester linkage. Several examples of nucleotides 
and their names are shown in Figure 28.4. 

The numbering of positions within nucleosides and nucleotides requires some clarification. 
Two series of numbers are used. The positions within the nitrogenous heterocycle are numbered 
consecutively as indicated in Figure 28.5. The positions in the carbohydrate portion are also 
numbered consecutively, starting at the anomeric carbon site, but these numbers are 
supplemented with a prime symbol (’). 


Мисівіс ACIDS 


Nucleic acids are composed of nucleosides joined to each other by phosphate diester linkages. 
These linkages are commonly found between the 5’-position of one nucleoside component and 
the 3’-position of another. If the number of nucleoside units coupled in this way is relatively 
small, we generally refer to the molecule as an oligonucleotide. A molecule containing a larger 
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purine pyrimidine 


Specific heterocyclic bases found 
as components in nucleic acids 


NH, OH 
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н н 
OH NH, 
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/ SS 
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| N^ ~O 
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H 
OH 


Dm 
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FIGURE 28.2 The nitrogenous heterocycles found in nucleic acid. The parent heterocycles 
purine and pyrimidine are shown at the top. There are two purines found in 
nucleic acids, adenine and guanine. In ribonucleic acids (RNA) the two 
pyrimidine bases are cytosine and uracil, but in deoxyribonucleic acids (DNA) 
cytosine and thymine are found. 


number of linked nucleoside units is called a nucleic acid or a polynucleotide. The structure of 
a simple trinucleotide (three nucleosides coupled by two phosphate diester linkages) is shown 
in Figure 28.6. 

The names of oligonucleotides such as the one shown in Figure 28.6 are constructed from 
the name of each of the component nucleosides in order, starting from the end of the chain 
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guanosine cytidine 


Ғісиве 28.3 Biologically occurring nucleosides in the D-2-deoxyribose and D-ribose series. 


having the unesterified 5’-hydroxyl group (the top, as shown in Figure 28.6). To these names we 
add a notation indicating the ring positions that are joined by the phosphate diester linkages. The 
name for the structure shown in Figure 28.6 is thus 


adenylyl (3' 5") adenylyl (3'—5") adenosine. 
For simplicity, biochemists often abbreviate the name of such a nucleotide as 
ApApA, 


where the symbol A represents the adenosine nucleoside and the symbol p indicates a phosphate 
diester linkage between the 3’-position of one nucleoside and the 5’-position of another. 

A nucleic acid (polynucleotide) in which all constituent nitrogenous heterocyclic compo- 
nents are the same is given a simplified name. For example, a ribonucleic acid bearing only 
adenine bases is called polyadenylic acid and abbreviated as (Ар). 
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adenosine-5'-monophosphate (AMP) deoxythymidine-5 -monophosphate (dTMP) 


OH 
€ b д 
He N< N^" NH, 


ОРО 
deoxyguanosine-3'-monophosphate 


FIGURE 28.4 Representative examples of nucleotides. Nucleotides are named as 
phosphate esters of the corresponding nucleosides. At times the 5'-nucleoside 
monophosphates are named as -ylic acids, i.e., adenosine monophosphate 
(AMP) would be called adenylic acid. 


urines rimidines carbohydrate 
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Figure 28.5 Numbering of the positions of the nitrogenous heterocycle and carbohydrate 
positions of nucleosides and nucleotides. 
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Figure 28.6 The structure of a trinucleotide composed of three adenosine units joined by 
two phosphate diester linkages. 


28.3 NUCLCIC ACID FUNCTION 
DNA 


General Function The biological function of DNA is to serve as the repository of genetic 
information for organisms. The structure of DNA—the particular sequence of nitrogenous 
heterocycles along the DNA chain—constitutes this genetic information. All of the enzymes, 
protein catalysts for biological processes (Chapter 26), that are present in an organism and allow 
it to perform its required metabolic processes, are synthesized because the organism's DNA has 
a particular structure. The DNA of a particular organism provides it with its biochemically 
unique character. 


Double-Stranded Structure An important structural feature of DNA is that it is double- 
stranded. Two chains of DNA bind to each other through hydrogen bonding (Chapter 3). The 
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two strands are complementary—the sequence of nitrogenous heterocycles of one chain is 
matched by its sequence of hydrogen-bonded partners on the associated chain. Thymine (T) 
hydrogen bonds with adenine (A), and cytosine hydrogen bonds with guanine (G). These 
hydrogen bonding pairs are shown in Figure 28.7. 

For a particular sequence of nitrogenous heterocycles in one strand of DNA (the coding 
strand), a complementary sequence exists along the second strand (the template strand), as is 
illustrated schematically in Figure 28.8, where the single-letter abbreviations for each of the 
bases are used. 

Figure 28.8 is only a schematic illustration. It shows only the sequence of nitrogenous 
heterocycles along each chain and their particular associations. It does not show all of the details 
of molecular structure, such as the carbohydrate and phosphate diester portions, nor does it show 
the conformation of the chains. The chain conformation is a point of particular importance. 

Rather than lying beside each other linearly, as Figure 28.8 might seem to imply, the coding 
and template strands are arranged in a double-helical conformation, with both strands twisting 
about a common axis. The nitrogenous bases are directed inward along the double helix to 
allow hydrogen bonding between the chains, with the carbohydrate and phosphodiester por- 
tions directed toward the outside. The helix makes a complete turn every ten hydrogen-bonded 


| adenine (А) 
------- H—N N 
Н.С D =] 
) Ts 
thymine (T) N—H------ N N to the remainder 
N | of the DNA chain 
to the remainder Е O 
of the DNA chain 
He guanine (G) 
N 
N—H------ О = 
| / NC ~ Мех 
cytosine (C) N H—N N to the remainder 
N = of the DNA chain 
/ \ 
to the remainder 9777777 = 
of the DNA chain H 


Figure 28.7 Hydrogen bonding between nitrogenous heterocycles of strands of DNA. 
This hydrogen bonding holds together complementary strands of DNA. 
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FIGURE 28.8 Complementary strands of DNA. The strand shown at the top (the coding 
strand), beginning with the free 5’-position to the left, has its complement 
(the template strand) in the strand shown at the bottom, whose free 
5'-position is at the right. 


base pairs along the chains. A cartoon depicting the structure of the double-helix is shown in 
Figure 28.9. 

The double-stranded nature of DNA was deduced in 1953 by Watson and Crick using X-ray 
diffraction photographs made by Franklin and Wilkins. 


The Genetic Code It is the sequence of nitrogenous bases along the DNA backbone of the 
coding strand that provides for instructions for the synthesis of enzymes in an organism. There 
are only four different nitrogenous bases present in DNA, but there are 20 fundamental 
&-amino acids in peptides. Thus, the specification of an o-amino acid in the construction of an 
enzyme requires more than the presence of a single nitrogenous base. It has been determined 
that each of the biologically occurring о-атіпо acids (see Chapter 26) is specified by опе or 
more codons (sequences of three bases) of the DNA. A particular sequence of three nucleo- 
sides in the nucleic acid chain specifies a particular o-amino acid to be introduced in the 
synthesis of enzymes. A particular series of 
codons thereby specifies a particular sequence of 
а-апипо acids in the enzyme. The tabulation of 
these codons and the &-amino acids they specify 
is given in Table 28.1. The elucidation of this 
genetic code in the mid-1960’s was accom- 
plished by Khorana, Nirenberg, and Holley. The 
code is universal for living species. 

If the DNA of a cell of an organism (or the 
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FIGURE 28.9 The double helical structure of DNA. A cartoon is shown emphasizing the 
hydrogen bonds between complementary bases on the two chains. 


the cell may continue to live and reproduce but with significant changes in its nature such that 
it has undergone a mutation. 

In principle, a change in a single nucleotide in the DNA sequence can lead to significant 
modifications in the biological processes performed by a species. For example, the presence of 
a guanine where an adenine should be located could change the o-amino acid specification from 
arginine to glycine (GGA rather than AGA). Such a change would have a profound effect on the 
nature of the protein synthesized. This type of possibility is somewhat diminished because more 
than one codon can specify a given o-amino acid. That is, a similar change of guanine for 
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Special Topic 


Other Forms of DNA 


While we generally are concerned with the double-stranded form of DNA, this is by no means the 
only way in which DNA exists in biological systems. As early as 1957, triply-stranded DNA was 
detected, which has been found not only to exist but to have biological function, occurring as an 
intermediate species during the action of an Е. coli recombinant enzyme. In fact several types of 
three-stranded DNA have been noted, binding to each other via different mechanisms. 

Further, a highly condensed and wrapped form of DNA, known as y-DNA has been extensively 
studied. A full nucleic acid duplex bearing all of the genetic information for a species, if stretched 
out linearly, would be well beyond the available length of a cell nucleus. A variety of factors have 
been determined to facilitate supercoiling to allow compression of the system into a relatively small 
space, including the presence of divalent metal cations and other organic cations. Active investiga- 
tionp of these other bound forms of DNA continues. 


TABLE 28.1 Specification of-Amino Acids by DNA Codon Triplets. 


The sequence of nitrogenous heterocycles is listed is from the 5 -end to 3 -end. 


adenine would have no effect in the specification of threonine, since the sequence ACA and ACG 
both specify threonine. 

In addition to the codons specifying particular o-amino acids, three codons specify the 
termination of the peptide synthesis. But how is a peptide synthesis initiated, and how does it 
occur? The answer to the first question is found in the presence of promoter sequences. 
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Promoter sequences are groups of six base pairs 
located along the DNA chain between the 5’-end 
of the nucleic acid and the bases specifying the 
о-атіпо acid sequence. 

The answer to the second question is more 
complex and requires consideration of another 
type of nucleic acid, RNA. DNA is not directly 
involved in peptide synthesis. Instead, it generates 
a specific RNA that in turn specifies the peptide 
synthesis. We need to consider two types of RNA; 
these are messenger RNA (mRNA) and transfer 
RNA (tRNA). 


RNA 


Messenger RNA Messenger RNA is synthe- 
sized by interaction of the template strand of 
DNA with ribonucleotides. At the promoter 
region of DNA, the two strands unwind and 
enzyme-facilitated synthesis (known as tran- 
scription) of an RNA complement of the DNA 
template begins. This mRNA complement of the 
DNA template strand has the same sequence of 
nitrogenous heterocycles (uracil replacing 
thymine) as the coding strand of the original 


DNA double helix. Thus, a DNA coding strand 
sequence such as that shown in Figure 28.8 is 
transformed into a mRNA sequence, as is illustrated schematically in Figure 28.10. This syn- 
thesis of mRNA starts at the free 5’-end of the chain and proceeds toward the free 3'-end of the 
chain. 

The mRNA serves as the site for the synthesis of peptides, with the sequence of nitrogenous 
heterocycles specifying the sequence of о-апипо acids to be introduced. This synthesis process 
involves a second type of RNA that recognizes the mRNA codons and brings the proper &-amino 
acids to the coupling site. 


Transfer RNA Transfer RNAs (tRNA) are relatively short nucleic acids («100 ribonu- 
cleotides) that have a particular structure corresponding to each of the o-amino acids. In the 
activated form of tRNA, the o--amino acid is bound to its tRNA at the 3'-end. A recognition 
sequence within the tRNA is complementary to the specifying codon for that о-апипо acid оп 
the mRNA. Under the action of ribosomes and peptide-elongation enzymes, the specified acti- 
vated tRNA species are temporarily bound to the mRNA and the synthesis of the peptide linkage 
occurs. (A ribosome is a complex of RNA and proteins that is involved in peptide synthesis.) 
The process is shown schematically in Figure 28.11. The process can be summarized by DNA 
makes RNA which makes protein. 
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Figure 28.10 A section of the coding strand of DNA and its mRNA copy. The mRNA copy 
is synthesized from the template strand of the DNA double helix. 


28.4 GENETIC ENGINEERING 


In Chapter 26 we discussed the synthesis of polypeptides and proteins using standard chemical 
reactions. However, since the sequence of subunits in a nucleic acid constitutes a set of instruc- 
tions for joining O-amino acids, it follows that specifying the nucleic acid composition should 
allow us to direct protein synthesis. If we can introduce a nucleic acid sequence with the proper 
order of subunits into a cell, we can generate a living factory for the synthesis of a protein of our 
choice. 

In recent years great strides have been made in this area of technology, which has been 
referred to as genetic engineering. This directed production of specific enzymes depends on the 
universality of the genetic code. The genetic code is the same for bacteria such as Escherichia 
coli as it is for humans. It is possible to manipulate the DNA of such a bacterial cell and use it 
to produce enzymes needed in human biological processes. 

Such DNA manipulation requires several steps. First, the bacterial DNA is removed from the 
bacterium and the chain is cut (hydrolyzed) in a specific manner using an enzyme known as a 
restriction enzyme. Then a new DNA sequence specifying a particular о-атіпо acid sequence 15 
introduced into the bacterial DNA at the cut region. This step requires the use of another enzyme 
known as a DNA ligase. This procedure is referred to as a recombinant DNA technique. The 
modified DNA is reintroduced into the bacterium, which then synthesizes enzymes according to 
its modified DNA. When the bacterium reproduces, the offspring also contain the modified DNA 
and in turn synthesize the desired enzyme. It has proven possible to modify bacterial DNA so 
that the bacteria synthesize medically useful proteins such as insulin. 


28.5 GENETIC DISEASES 


In Chapter 26 we also mentioned that sickle-cell anemia is a disease caused by abnormal hemo- 
globin. A difference in one of the hundreds of о-апипо acids in the hemoglobin structure results 
in a significant change in its physiological characteristics. This change in the hemoglobin struc- 
ture can be traced to a single codon difference in the DNA of the individual with the disease. 
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FIGURE 28.11 Schematic representation of the biological synthesis of proteins. The sequence 
of nitrogenous heterocycles in the mRNA chain specifies the sequence of 
а-атіпо acids to be introduced. The tRNA species, activated with their 
appropriate o-amino acids, bind to the mRNA under the influence of the 
ribosome (mRNA/protein complex) and elongation enzymes to transfer their 
а-атіпо acids to the growing protein. In the diagram, the Gln tRNA is in the 
process of adding glutamine to the growing protein. In the preceding step, 
lle RNA added isoleucine and was displaced to the solution. Following the 
addition of the unit of glutamine, the Met tRNA will bind to the mRNA, using 
its complementary sequence of nitrogenous heterocycles, and add methionine 
to the growing chain. 


Sickle-cell anemia is therefore a genetic disease. At some point a mutation occurred in the DNA 
of an individual (a codon was altered), and the resulting altered nucleic acid has been passed 
from generation to generation. (It is intriguing that, while this variation in the DNA of persons 
suffering with sickle-cell anemia causes significant pain and difficulties with oxygen transmis- 
sion that lead to death, it simultaneously provides protection against other disease systems.) 

In 1990 the first attempt was made to treat a genetic disease using the recombinant DNA tech- 
niques discussed in the previous section. A portion of an individual's faulty DNA was removed 
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and altered. In place of the faulty genetic material, a DNA chain with the proper sequence was 
introduced. The corrected material was copied and reintroduced to the patient. While seventeen 
years later this approach toward curing human disease remains in the experimental stage, it holds 
significant promise for success. 


28.6 OTHER ROLES OF NUCLEOTIDES 


Мисіеотіре5 CONTAINING REACTIVE LINKAGES 


Nucleotides are noted to have significance in biological systems in roles other than those already 
noted. In Chapter 6 we first introduced to you the structures of biologically important molecules 
that, like the nucleotides, contain phosphate ester linkages. Nucleotides containing phosphorus 
anhydride linkages as well as phosphate ester linkages have been found to play a major role in 
the formation of these phosphate ester linkages. 

Adenosine triphosphate (ATP) (28.3) is a common biological phosphorylating agent. ATP is 
formed in biological systems by oxidative phosphorylation of adenosine diphosphate (ADP) 
(28.4). Oxidative phosphorylation is a complex series of coupled reactions. In a set of coupled 
reactions, one reaction is either thermodynamically unfavorable or lacks a reagent generated in 
one of the other reactions. The particular reaction generating ATP from ADP is endoergic and 
thus requires the input of energy from another source (a coupled reaction). The formation of ATP 
from ADP is summarized in Figure 28.12. 
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adenosine diphosphate (ADP) 
28.4 
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FIGURE 28.12 Overall generation of ATP from ADP and phosphate. The reaction as 
written is endoergic by a significant amount. For the reaction to occur 
efficiently, energy input from other coupled reactions is required. 


The P-O-P linkage that is generated in the formation of ATP from ADP is an anhydride 
linkage (notice the extrusion of the elements of water between the reactants in the reaction in 
Figure 28.12). Like carboxylic anhydrides, phosphoric anhydrides are highly reactive and form 
esters in exoergic processes. When ATP reacts to form a phosphate ester or is hydrolyzed to ADP 
and inorganic phosphate, energy is released. Both of these energy-releasing processes may be 
coupled to other endoergic biological reactions, allowing them to occur efficiently. 

Guanosine triphosphate (GTP) (28.5) is a species similar to ATP. Like ATP, GTP has two phos- 
phoric anhydride linkages. While GTP does not have the ubiquitous role of ATP, which is involved 
in a wide range of biological processes, it is critical in protein synthesis. The exoergic hydrolysis 
of GTP to GDP is a critical coupled reaction in the protein elongation process involving tRNA. 
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Cyclic AMP (28.6) is another interesting nucleotide that is highly reactive and releases 
energy upon its hydrolysis. Cyclic AMP is a monophosphate, it is also a phosphodiester, incor- 
porating an additional ring into the AMP structure. Its hydrolysis releases energy from the strain 
involved in that additional ring. Cyclic AMP is formed from ATP in a coupled reaction process. 
The simple conversion of ATP to cyclic AMP is endoergic, requiring a coupled exoergic reac- 
tion in order to occur efficiently. Upon hydrolysis, which is coupled for reactions involving the 
activity of hormones (chemical messenger molecules in biological processes), cyclic AMP 
releases energy. These reactions are summarized in Figure 28.13. 


NH; 
N 
ae 
N 
О О 
мі 
-о/ То OH 
cyclic adenosinemonophosphate (сАМР) 
28.6 


Numerous other nucleotides containing reactive phosphoric anhydride (pyrophosphate) link- 
ages or strained rings are found to be important components of biological processes. Our goal 
here is simply to introduce these species. We will now turn our attention to another type of 
nucleotide that plays important roles in biological systems. 


Мистеоттре Верох REAGENTS 


Earlier (Chapter 5) we noted an important species involved in the biological oxidation of alco- 
hols to carbonyl compounds. Nicotinamide adenine dinucleotide (NAD*) (28.7) accepts the 
hydrogen (formally with a pair of electrons) from the carbinol carbon of an alcohol in its oxi- 
dation. Both NAD* and its reduced form, NADH (28.8), are nucleotides that are structurally 
related to the molecules we have been considering. 

In the oxidation of an alcohol in which NAD* serves as the oxidizing agent, a hydrogen with 
a pair of electrons is accepted onto a carbon of the nicotinamide ring. In the reduced form 
(NADH), one carbon atom of the nicotinamide ring bears two hydrogens, designated Н, and Hp 
in structure 28.8. These two hydrogens are not in identical positions—they exhibit different 
NMR signals (they are not magnetically equivalent) and are said to be diastereotopic hydro- 
gens. That 15, if we were to replace one of them (e.g., Ha) with some other substituent (i.e., СІ), 
we would have a diastereoisomer of the compound obtained by so replacing Н, with СІ. 

In any given biological oxidation reaction involving the NAD*/NADH couple and a 
particular enzyme catalyst, the hydrogen transferred to the NAD* is always transferred diastere- 
ospecifically. That is, the hydrogen coming from the substrate always attaches in either position 
H, or Н, specifically, never attaching so that some hydrogens end ир in the H, position and some 
in ће Нь position. For example, in the oxidation of ethanol using enzymes from yeast with 
NAD+, the hydrogen from the ethanol always ends up in the Hy position. However, in the 
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Figure 28.13 Formation and hydrolysis of cyclic AMP. The formation of cAMP from ATP is 
endoergic by a small amount. This reaction becomes efficient when it is 
coupled to the hydrolysis of its by-product, pyrophosphate. The hydrolysis of 
CAMP to AMP is exoergic; this energy is used in coupling to other endoergic 
reactions in biological systems. 


oxidation of glucose using enzymes from liver with NAD*, the hydrogen from the glucose 
always ends up in the H, position. 


* Nucleosides are derivatives of carbohydrates in which the anomeric position is bound into 
a full glycosidic-type linkage involving a molecule of a nitrogenous heterocycle instead 
of an alcohol. 


* The most common carbohydrates involved in biological nucleosides are D-ribose and 
D-2-deoxyribose. 
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* Only a limited number of nitrogenous heterocycles serve as components of biological 
nucleosides. Three of these are derivatives of pyrimidine, and two are derivatives of 
purine. 


+ Nucleotides are the components of nucleic acids, complex molecules that retain and trans- 
mit genetic information in the continuing life of an organism, that is, in the synthesis of 
proteins that serve as enzymes for its metabolic processes. 

* Nucleotides also serve other roles in biological systems. Nucleotides bearing phosphoric 
anhydride linkages generate phosphate ester linkages and facilitate endoergic reactions in 
biological processes. Nucleotide-related materials also serve as redox couples for biolog- 
ical oxidations and reductions. 


Terms to Remember 


nucleic acid polynucleotide transcription 
deoxyribonucleic acid base pairs transfer RNAs 
purine codons diastereotopic 


pyrimidine 
nucleotide 
oligonucleotide 


genetic code 
promoter sequences 
messenger RNA 


Problem 28.1 


Do the structures shown for D-ribose and D-2-deoxyribose represent a- or B-anomeric 
forms of the compounds? (Refer to Chapter 23.) 


(answer) 


Problem 28.2 


Using the nitrogenous heterocycle component structures shown in Figure 28.2, draw the 
structures for each of the following nucleosides: 


a) D-2'-deoxycytidine 
b) D-2'-deoxyguanosine 
c) uridine 

d) adenosine 


(answer) 


Problem 28.3 

Draw the structure of each of the following: 
a) uridine-3'-monophosphate 

b) adenosine-3',5'-diphosphate 

с) 5-chlorouridine-5'-monophosphate 


(answer) 


Problem 28.4 


Draw the complete structure of each of the following oligonucleotides: 


с) 


d) 


adenylyl(3'—>5')cytidylyl(3'—> 5')uridine 
uridylyl(3'—>5')guanylyl(3'—>5')adenosine 
deoxythymidylyl(3'—»5')deoxyadenylyl(3' —» 5)deoxyadenosine 


uridylyl(2'—5')adenosine 


(answer) 


Problem 28.5 
Name each of the following oligonucleotides: 


a) 


OH 
М. еқ 
С | 
О 
OH 
O O OH 
“м NN 
ок. Же 
N^ “о 
О 
o 9 он NH; 
/ N 
ЈЕ #17 
в y 
N^" ^N 
О 
HO OH 


b) 


Nw 
"езе 
А N 
о, 0 DH 
P N NN 
о“ \ С | Ва 
a N^ "NH, 
| OH 
Н.С 
ка | CO 
и P 
O Со N^ No 
О 


НО 


(answer) 


Problem 28.6 

Give the complementary sequence of each of the following DNA base sequences: 
a) GCAATGC 

b) CGTTATAG 


(answer) 


Problem 28.7 


Give the sequence of mRNA nitrogenous heterocycles that would code for the following 
a-amino acid sequences: 


a) Ala-Gln-Met-Phe 
b) Cys-Gly-His-Pro 
с) Lys-Ile-Asp 


(answer) 


Problem 28.8 


Each of the peptide sequences in the previous problem could be coded by several mRNA 
sequences. How many different mRNA sequences could code for each of them? 


(answer) 


Problem 28.9 


Give Ше a.-amino acid sequence that is coded by each of the following mRNA 
sequences: 


a) CAAACAAAC 

b) GACTTGTGGCTA 

с) TGCATAGTATAT 

d) ATGAAAAGGTCGTGCTGT 


(answer) 


28.1-answer 


Both are В-апотенс forms. 


28.2-answer 


a) 


HO 


HO 


b) 
2 
НО М | mn 


HO 


с) 


mE 
HO М NO 


HO OH 


d) 


HO 


HO OH 


28.3-answer 


a) 


eee 
HO N° No 


b) 


с) 


СІ 


НО ОН 


28.4-answer 


a) 
NH, 
NN 
ШЕ 
HO N^ ^N 
O 
NH, 
0, O OH 
/ 
p. В) 
07 \ ра 
N O 
O 
OH 
д O OH 
Su | NN 
2% A 
О O N O 
O 


HO OH 


b) 


с) 


НО М 


ОН 
о О ОН 
> CA 
и 
о \ 2 
О а тт 
O0 N 
Хр NN 
EA < | J 


HO OH 


d) 


HO N 
O 
NH, 
о Ө 
Ж 2 № 
2 O N 2 
O 
Е о NH, 
Sp >: "SN 
БУ T 
(0) N м7 


НО 


HO N 


HO A NH, 

Os. 

07 N d | zi 
О МОК 


НО ОН 


28.5-answer 
a) guanylyl(3'—~S5')uridylyl(3'—*S5')adenosine 


b) deoxyadenylyl(3 --> 55deoxyguanylyl(3' —* 5')thymidine 


28.6-answer 
a) CGTTACG 


b) GCAATATC 


28.7-answer 


a) 


b) 


с) 


GCUCAAAUGUUU 
(GCCCAG UUC) 
(GCA ) 
(GCG ) 


UGUGGUCAUCCU 
(UGCGGCCACCCC) 
( GGA CCA) 
( GGG CCG) 


AAAAUUGAU 
(AAGAUCGAC) 
( AUA ) 


28.8-answer 
(a) 16 
(b) 64 


(c) 12 


28.9-answer 
a) Gln-Thr-Asn 
b) Asp-Leu-Val-Tyr 


с) Met-Lys-Arg-Ser-Cys-Cys 


SYNTHETIC POLYMERS 


29.1 INTRODUCTION 


Polymers are high molecular weight compounds that are composed of a large number of low 
molecular weight building blocks. Many important substances in the biological world are poly- 
mers, including polysaccharides (Chapter 24), proteins (Chapter 26), and DNA, the giant 
molecule responsible for the storage and transfer of hereditary information (Chapter 28). As we 
have seen in these earlier chapters, each type of biologically important polymer is composed of 
building blocks of some basic structural type of molecule. For example, proteins are made of 
chemically joined combinations of individual о-апипо acids, and polysaccharides are similarly 
made up of chemical combinations of pentoses or hexoses. For centuries, humans have made 
extensive practical use of biologically derived polymers such as wood for building, and silk, cot- 
ton, and wool for clothing. Rubber (Chapter 9) is another important biologically derived 


polymer that has played a crucial role in the developmThe simplest and cheapest addition polymer is polyethy 


One of the most spectacular industrial developments of the twentieth century was the growth 
of the synthetic polymer industry. Synthetic polymers are often referred to as plastics, although 
strictly speaking, this term should be reserved for polymers (and even other materials) that can 
be softened by heating and shaped by pressure. Some synthetic polymers consist of many units 
of a single building block known as a monomer. In this respect, these synthetic polymers are 
structurally much less complex than most biologically derived polymers. Other synthetic poly- 
mers are composed of more than one building block. These are known as copolymers, and 
several types have been synthesized. 

Hundreds of materials that we take for granted today are products of the synthetic polymer 
industry, and many chemists remain involved in the continuing effort to develop new polymers 
that can improve on existing materials. 

In this chapter we will survey some of the more common types of synthetic polymers, 
methods for their production, and their properties. 
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29.2 POLYETHYLENE AND OTHER 
ADDITION POLYMERS 


Polymers formed from alkenes and their derivatives are referred to as addition polymers. The 
polymer-forming reaction involves the simple addition of monomer units to each other. There is 
no product other than the polymer. 

The simplest and cheapest addition polymer is polyethylene. Equation 29.1 shows the structural 
relationship between ethylene and polyethylene. Although the starting material for polyethylene is 
unsaturated, polyethylene itself is a saturated hydrocarbon. Polyethylene can be prepared as a thin 
film and is used extensively for packaging (e.g., plastic food wrap for fruits and vegetables, garbage 
can liners, and so forth). Some other common addition polymers are listed in Table 29.1. 


H H H H H H H H H 
[Lo HL 
H H HHHHHHH 

this unit is 

repeated 

n times 
or 
H H 
сс 
i | 


n (Eq. 29.1) 


The polymerization of alkenes can be accomplished in various ways. One important method 
is free-radical polymerization, which is a free-radical chain reaction. In this process, the alkene 
that is to serve as the monomer unit is heated in the presence of a material that can serve as a 
source of free radicals (i.e., a peroxide). The mechanism for free-radical polymerization involves 
the generation of such free radicals as an initial step. 

Depending on the mode of preparation of a polymer, the number of subunits can vary greatly. 
Commercial synthetic polymers usually have between 100 and 1000 monomer subunits. Any 
given preparation produces a range of polymer molecules. (It is not possible to arrange that all 
the different chain reactions terminate after exactly the same number of cycles.) Rather than 
speaking of an exact molecular weight for a polymer, as we do for ordinary small molecules, we 
speak of the average molecular weight of the polymer produced. Synthetic commercial 
polymers generally have average molecular weights in the range 105-106 g/mole. 

Notice that addition polymers as we have described have end groups derived from the radi- 
cal initiator. Thus, the end groups are different from the repeating unit in the rest of the molecule, 
but generally are not significant in determining the overall chemical and physical properties of 
the polymers. 

It is possible to polymerize alkenes using cations instead of free radicals. Cationic polymer- 
ization is commercially important for the preparation of polyisobutylene. The mechanism of 
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TaBLE 29.1 Some Common Addition Polymers. 


Name of Polymer Structure Common Uses 


polypropylene H H indoor-outdoor carpeting, 
| | upholstery 
C=C material 
| | 
Н СН; 
n 
н н molded housewares, toys, 
| | insulation, packaging filler 
Dm 
Н C6H5 
n 
polyvinylchloride (PVC) н H plastic wrap, pipes for 
| | household plumbing, soles 
C=C and heels of shoes, wrestling 
| | mat covers 
H Cl 
n 
polytetrafluoroethylene ЕЕ non-stick utensils, electric 
| | insulation 
|| 
F F 
n 
polyacrylonitrile H H fibers in the textile industry, 
| | yarns, wigs 
ГТ 
H CN 
n 
polymethyl methacrylate H CH sheeting and tubing 
3 
| | 
C=C 
| | 
Н СО2СНз 
n 


polystyrene 


Free-Radical Polymerization of Styrene 


Step 1 Free radicals are formed by heating a suitable precursor such as a peroxide. 


(Ж heat 
(CH3)3C —O-O—C(CH3)3_ ——=  ZXCH33C—O 
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Step 2 A radical formed in the first step adds to a styrene molecule, producing a benzylic 
radical. 


"~ . 
C H,CH CH; +'0О— C(CH3)3 — (CH3)3C -0- СН, = CHC,Hs 


Step 3 The benzylic radical adds to another styrene molecule (monomer), producing a new ben- 
zylic type radical. 


jo 


| p я 
(CH3)3C —0— CH, = CHC6H5 + H5C = CHC6H5 — 
(СНз) СО — CHCH(C H3) CHCHC4H; 


Steps 4 ton The new benzylic type radical produced in the third step reacts with another 
styrene monomer, producing an even larger new benzylic type radical. The addi- 
tion process repeats, with each addition reaction joining another monomer unit to 
the growing polymer chain. 


(CH3)3C —-O—CH,CH(C,H)CH,CHC,H, + nH;C—CHCH, — 


CH,CHC,Hs 
n+l 


(CH34C—0— свуснсфна 


Stepn-1 Eventually, the polymer chain stops growing because a chain-terminating reaction 
occurs (see Chapter 13). Chain termination occurs when two radicals present in the 
reaction system react with one another rather than with an alkene molecule. 


cationic polymerization of isobutylene starts with an acid adding to isobutylene. The general 
sequence is very similar to that involved in free radical polymerization. The reaction illustrated 
in the mechanism was initiated by a Brgnsted acid. Lewis acids such as boron trifluoride and 
aluminum trifluoride are equally effective. 

A major advance in polymer chemistry was made in the 1950s by Karl Ziegler (Germany) 
and Giulio Natta (Italy). Their work focused on the use of transition metal catalysts to accom- 
plish alkene polymerization. Ziegler and Natta found that with these catalysts they could control 
the polymerization of alkenes and substituted alkenes to a much greater degree than had been 
possible using earlier methods. 

The Ziegler-Natta catalysts are complexes of transition metal halides and organometal- 
lic compounds. Triethylaluminum complexed with titanium tetrachloride is a common 
example of a Ziegler-Natta catalyst. The complexation results in the formation of a titanium 
species that can function as a Lewis acid toward the alkene molecule. We can think of the 
complexation as leading to an active center consisting of a titanium atom connected to an 
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Cationic Polymerization of Isobutylene 


Step 1 Isobutylene (methylpropene) is protonated by the acid to form the fert-butyl cation. 


s 
(CH3)2C = CH, + Н+ T. (CH3)3C+ 


Step 2 Electrophilic attack of the tert-butyl cation on an isobutylene molecule occurs, produc- 
ing a new and larger carbocation. 


+ 
(CH35C—CH; + (CH3)3C+ 2 (CH3),C—CH,—C(CH3)3 


Steps 3 ton The cation from Step 2 reacts with another isobutylene molecule, forming a new 
and even larger cation. The process constantly repeats, building up the polymer 
chain with a cationic site near one end. 


E (CH3)2C = CH, 
(СНз)2С — СН, E C(CH3)3 => ---> > ---- 


(CH3),C— CH, +C — CH;4-H 
| 


сњ |, 


Step n+1 Eventually, of course, the growth of the polymer stops when the supply of isobuty- 
lene monomer is depleted and the carbocation at the terminus either adds a 
nucleophile or loses a proton to form a double bond. 


ethyl group, along with other groups that we will identify here only as X. That is, for 
simplicity we will represent the active catalyst as CH3;CH2TiX, where X represents a group 
the structure of which is not yet known precisely. (This is not unusual for industrial catalysts 
as well as biological catalysts.) 

In the polymerization process the alkene monomer acts as a Lewis base, using its л electrons 
to form a bond to the transition metal, as shown in Equation 29.2. The next step is a rearrange- 
ment in which the original alkyl group migrates to one of the carbon atoms of the alkene double 
bond, as shown in Equation 29. 3. The overall result is that an alkene monomer unit has inserted 
itself between the transition metal and its original alkyl group, producing a species in which 
a new and larger alkyl group is attached to the metal. However, now a second alkene molecule 
can behave just as did the first one, again inserting itself (in two steps) between the metal 
and its attached alkyl group. After many cycles, the result is the polymer species of the type 
shown as 29.1. 
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CH 

CH,CH;TiX + HjC—CH; ----- —CH,CHTi— | Е 
Н; 

X (Eq. 29.2) 


CH 

Свеви — || а — CH3CH;CH;CH,TiX 
CH, 

X (Eq. 29.3) 


сњ смс та 
n 
29.1 


Let us consider the advantages of polymers produced by the Ziegler-Natta process. To 
appreciate the issues involved, we need to consider a property known as crystallinity of a 
polymer. The physical differences among polymers, even those prepared from the same 
monomers, can be quite profound. The polymer may take various forms, for example, a worth- 
less gum (this was the nature of the polypropylene produced prior to the Ziegler-Natta 
method), a soft amorphous solid, or a harder, more crystalline material suitable for moldable 
plastics. One of the early successes of the Ziegler-Natta process was that it led to a usable 
polypropylene polymer. 

The underlying factors leading to the formation of polymers with different crystallinities can 
be traced to the secondary structure of polymers. We used the term "secondary structure" 
previously in the context of polypeptides and proteins, and it is used in a similar way here. It 
refers to the way in which a polymer chain is oriented in space, how it coils and bends, and how 
any given chain interacts with other chains. These properties in turn depend on attractive 
interactions, such as dipole-dipole, hydrogen-bonding, and van der Waals interactions. In gen- 
eral, we find that the more orderly the fashion in which polymer chains stack together, the more 
crystalline is the polymer (see Figure 29.1). In this context, there is an important stereochemi- 
cal factor that needs to be considered in the polymerization of propylene to form polypropylene. 
The polymer contains many stereogenic carbon atoms. Two types of carbon atoms can be found 
along the chain. The first of these is tetracoordinated with two of the ligands being hydrogen 
atoms. The other type of carbon atom of the polymer chain is attached to four different groups, 
including a hydrogen atom, a methyl group, and two generally nonequivalent (ге., of different 
length) portions of the polymer chain (see Figure 29.2). 

If the stereogenic centers are a random mix of R and S configurations, the polymer is said to 
be atactic (without order). In an atactic polymer, the methyl groups are randomly arranged on 
the two sides of the stretched polymer chain, as shown in the bottom structure of Figure 29.3. 
Polypropylene produced by free radical polymerization of propylene has this random arrange- 
ment of the methyl groups. Because of this randomness, the polymer is non-crystalline and is 
unsuited for widespread use because of its poor mechanical properties. 

In contrast, the methyl groups of the polymer chain are oriented in an ordered fashion when 
the Ziegler-Natta method of polymerization is used. Two types of ordered arrangements are impor- 
tant. In the isotactic (same order) arrangement, all of the methyl groups are on the same side of 
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а noncrystalline polymer array 
(disordered arrangement of chains) 


Pd “қа d 
Род "а ЧЕ се АЙ 
"d a c 7н 


P dic" dA dL" а-ға 


a crystalline polymer array 
(ordered arrangement of chains) 


FIGURE 29.1 Types of polymers. The crystallinity of a polymer correlates with the degree 
of order in the stacking of its chains. 


FIGURE 29.2 Chirality in polypropylene. Every other carbon atom in a polypropylene chain 
is stereogenic, having four unlike groups attached to it. Each chain therefore 


contains many stereogenic carbon atoms. 
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isotactic—all methyl groups to the same side 


НС H вс Н HC H вс H нс H 


syndiotactic —methyl groups alternate sides 


НС 


H 


H CH,H,C H 


H CH,H,C H 


atactic—methyl groups arranged randomly 


HC H HC H 


Н CH,H,C H 


H CH; 


FIGURE 29.3 Different arrangements of polypropylene. 


Chemical Biography 


KARL ZIEGLER 


b. 1898 
Gl, ЛӘ) 


Ph.D. University of Marburg/ 
Lahn (von Auwers) 1920 


Nobel Prize, 1963 (Chemistry) 
GiULIO NATTA 


b. 1903 
Gl, ПОЙ 


Dr. habil. Polytechnic of Milan 1927 


Nobel Prize, 1963 (Chemistry) 


the chain, as is shown in the top structure of Figure 
29.3. The isotactic form of polypropylene is a 
solid that melts at 175°C. It has ideal properties for 
a variety of applications, and several billion 
pounds of it are produced each year. Another 
ordered arrangement is known as the syndiotactic 
form. In a syndiotactic (“two together”) polymer 
the monomer units are arranged in repeating pairs 
so that the methyl groups alternate regularly 
between the two sides of the stretched chain, as is 
shown in the center portion of Figure 29.3. The 
configurations of the stereogenic carbon atoms 
alternate along the chain. 

The high degree of stereochemical control 
that is achieved with Ziegler-Natta catalysts 
presumably arises from preferred orientations for 


monomer units on the catalyst surface. However, many details of the mechanism of polymer- 
ization remain to be elucidated. 
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A final point of stereochemistry concerns the representations of isotactic polypropylene 
shown in Figure 29.3. The chain is pictured there in a stretched-out zig-zag array to empha- 
size the stereochemical relationship of the pendant methyl groups. The actual preferred 
conformation for isotactic polypropylene is helical, as shown in Figure 29.4. The helical 
structure gives the best balance between the interatomic repulsive forces and the van der 
Waals attractive forces between the methyl groups. The isotactic chain makes one complete 
turn for every three monomer units. 


Figure 29.4 Preferred helical conformation for isotactic polypropylene. 
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29.3 CONDENSATION POLYMERS 


Chemical Bio graphy In Chapter 23 we defined condensation reactions 
as those in which two organic molecules com- 

WALLACE HUME CAROTHERS bine to form a larger organic molecule along 
b. 1896 with a small molecule, such as water, methanol, 
d. 1937 or ethanol. A condensation polymer is formed 
ен via а succession of condensation reactions 
(Adams) 1924 between two appropriate monomers. Typical 


starting materials for the formation of condensa- 
tion polymers are substituted at more than one 
position by some functional group that is reactive toward the functional group present in the 
other reactant. For example, the polyester poly(ethylene terephthalate) can be made from 
terephthalic acid and ethylene glycol, as shown in Figure 29.5. 

The polymerization reaction begins with the formation of an ester linkage in a conden- 
sation reaction involving a carboxylic acid group of one starting material and the hydroxyl 
group of another, as shown in Equation 29.4. Notice that the product in Equation 29.4 has 
a free hydroxyl] group at one end and a free carboxylic acid group at the other end. Reaction 
with additional monomer units is possible at these sites, lengthening the polymer chain 
through the formation of new ester linkages. However, the product of such further reaction 
will still contain hydroxyl and carboxy] groups at the termini, so the chain of reactions lead- 
ing to the final polymer can continue. This type of polymer product is commonly known as 
a polyester. The particular polyester shown in Figure 29.5 can be spun into fibers (known 
under the commercial names of Dacron and Terylene) or rolled into sheets (known as 
Mylar). 


O.  ,OCH;CH;OH 
COH Scr 


+ HO --СН;СН, --ОН — + НО 


COH „С 
HO о (Eq. 29.4) 


Just as dicarboxylic acids and diols react to give polyesters, dicarboxylic acids and 
diamines react to give polyamides. The best known polyamide is nylon. There are several dif- 
ferent types of nylon. The types vary according to the structures of the dicarboxylic acid and 
diamine used in the preparation. The most widely used type is nylon 66. The two 6s refer to the 
number of carbon atoms in the starting materials, as shown in Equation 29.5. Nylon 66 was first 
described in 1935 in a patent by Wallace Carothers, an organic chemist working at the Du Pont 
laboratories in Wilmington, Delaware. Stockings and other clothing made of nylon soon 
became commonplace. 
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CO;H 
n + n|HO—CH,CH,—OH | ------ 


СОН 


0. | „осн,сн,о 


NS 


“с 
С 
S 
No 


n 


FIGURE 29.5 Formation of poly(ethylene terephthalate) from a dicarboxylic acid and а diol 
as the two building blocks. 


| АТАА он 
НО 


O 
+ 


n HN = СН»СН»СН»СН»СН»СН» =] NH, 


(0) 


Pa а о 
O 


O 


+ (n-1) H50 (Eq. 29.5) 
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29.4 SOME SPECIAL TYPES OF POLYMERS 


COPOLYMERS 


Copolymers are obtained when a mixture of monomers is used to achieve polymerization. An 
example of a copolymer of industrial importance is styrene-butadiene rubber (SBR), which is 
used for tires and electrical insulation. SBR is an addition polymer formed from 1,3-butadiene 
and styrene. It has the general composition shown in Figure 29.6. The butadiene and styrene 
subunits are arranged randomly along the chain. 

Another common copolymer, used in sheets as food wrapping, is prepared from vinylidene 
chloride (НС=СС), the major component, and vinyl chloride (НС-СНСІ). 


BLOCK COPOLYMERS 


Block copolymers are copolymers that contain alternating long sequences (or blocks) of differ- 
ent monomer subunits. For example, if we designate the subunits as I and II, a block copolymer 
could be represented as —(D),-(ID),—-(D.-(IDg-. One method of preparing block copolymers is 
to use a condensation reaction to join two preformed polymer chains. Another approach uses 
anionic polymerization. 


GRAFT COPOLYMERS 


Graft copolymers are polymers in which a polymeric chain derived from one type of monomer 
is grafted (added) as a side chain onto the backbone chain of another polymer. The two polymer 
sections are synthesized from two different monomers. Graft copolymers can be made by per- 
forming the polymerization of one of the monomers in the presence of a preformed polymer of 
the other monomer. 


n H;,C—CH—CH —CH; 
+ 


n m 
FIGURE 29.6 Styrene butadiene rubber (SBR). This addition copolymer is made from а 


mixture of 1,3-butadiene and styrene. The monomer units are arranged 
randomly along the chain. 
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For example, consider the polymerization of methyl methacrylate in the presence of 
polystyrene. A free-radical initiator is added to the mixture of methyl methacrylate and 
polystyrene, and the methyl methacrylate begins to polymerize (as discussed earlier). Each step of 
the polymerization produces a radical, as shown in Figure 29.7. After each cycle of polymer 
growth, it is possible that the radical produced, instead of reacting with another molecule of methyl 
methacrylate, will abstract a hydrogen atom from some position in a polystyrene molecule, as is 
shown in Figure 29.8. 

Once a radical site is generated on the polystyrene backbone, it can grow in the usual way 
by successive reactions with methyl methacrylate monomer. The result is a graft copolymer. 
A partial structure of this particular graft copolymer is shown in Figure 29.9. 


LIVING POLYMERS 


It is sometimes possible to use anions to initiate polymerization (see Problem 29.4). In 1956, 
Michael Szwarc’s studies of aspects of anionic polymerization led to the discovery of what are 
now known as living polymers. Szwarc was studying the polymerization of styrene upon 


CH; (СНз) С — O— O — C,CH3) 
n H,C=C ME S S 
CO,CH, 
(Ha КЕН» 
(CH3)3CO —+CH,—C сн;—с; 
буйи, CO;CH; 


n-1 


FIGURE 29.7 Beginning free radical polymerization of methyl methacrylate. 


R—H + - CH,CHC,H; — CH,CC,H;— CH,CHC,H; + 


FIGURE 29.8 Second stage in the formation of a graft copolymer. The radical removing a 
hydrogen atom from the polystyrene was generated in the polymerization of 
methyl methacrylate, shown in Figure 29.7. The radical abstracts a hydrogen 
atom from the backbone of the polystyrene producing a new active radical 
site at which further rounds of monomer addition can occur. 
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НЗС —C— СОСН; 
СН, 
НЗС —C— СОСН; 


CH, 


CH,CHC,H; — CH, — C CH,CHC,H; 


Сұн; 


FIGURE 29.9 Portion of the structure of polystyrene-methyl methacrylate graft copolymer. 


exposure to sodium metal and naphthalene in tetrahydrofuran. The anionic initiator for the 
polymerization was the radical anion of naphthalene, a species that is produced by the transfer 
of an electron from sodium to naphthalene, as is shown in Equation 29.6. 


Na + » ------- 
Nat 


sodium naphthalenide (Eq. 29.6) 


In sodium nalphthalenide, the electron from sodium is added to the LUMO (originally an 
empty, antibonding 1% molecular orbital) of the aromatic system. This species is a potent base 
that facilitates a variety of important reactions. In this instance, this radical anion facilitates 
polymerization of the polystyrene, the mechanism involving as the initial step the generation of 
a radical anion of the styrene molecule. 

There is a particularly novel aspect to this discovery. Szwarc treated some styrene with 
sodium and naphthalene, and after a rapid polymerization reaction occurred, polystyrene was 
formed. He then added some more styrene monomer and found that it was taken up by the poly- 
styrene, adding to its molecular weight. He found that he could also add other materials, such as 
1,3-butadiene, and these materials were also taken up by the polystyrene. The latter reaction pro- 
duced a block copolymer of styrene and 1,3-butadiene. Put simply, Szwarc had discovered that 
he could get his polymer sample to grow if he kept feeding it appropriate monomers, hence the 
term living polymer. 

No such living polymers can be made through radical or cationic polymerization because of 
the existence of chain-terminating steps in radical and cationic polymerization processes. But, 
these steps are lacking when anionic polymerization is performed under controlled conditions. 
The polystyrene produced by Szwarc was itself anionic, and therefore reactive, at its termini. 
The anionic sites are relatively stable compared to radical or cationic sites, and thus persist for 
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appreciable periods of time. If more monomer is added during the time the anionic sites are 
present, reaction will occur at those sites and the polymer will grow. 

In radical and cationic polymerization, the growing polymer chain also has reactive sites at 
its termini. They are, in fact, responsible for the growth of the polymer, since successive 
monomer units are added at these sites. However, these radical and cationic sites are highly reac- 
tive. When the polymer chain stops growing, e.g., because of a lack of additional monomer, a 
chain-terminating step eliminates the positive charge or radical from the terminus of the poly- 
mer (see Section 29.2). If we add more monomer, no additional reaction can occur because the 
polymer no longer had a reactive site. 

In controlled anionic polymerization, there is no chain-terminating process that is immedi- 
ately available. Polymerization stops when the supply of monomer is exhausted, but the polymer 


Polymerization of Styrene Using the Naphthalene Radical 
Anion 


Step 1 The naphthalene radical anion (represented here as A.—) transfers an electron to styrene, 
thus forming a radical anion of styrene. 


Е Н 
A-*H4C—CHC4H; ---- A+H,C— A 
CoHs 
Step 2 Two styrene radical anions couple, forming a dianion. 
H H 
Е ШЕ NE ён, ---  *CH—CH,CH,—CH: 
СН; Н5С; Co Hs CoHs 


Steps 3 to n Each new anionic site can react with styrene monomer units producing new anionic 
sites. A chain of reactions adding monomer units to both ends of the polymer is 
thereby set into motion. 


:;CH—CH,CH,—CH: 0, 


Сн; Сн; n Н;С--СНС;Н5 


:CHCH, CHCH, CH,CH: 
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so produced still has anionic sites at its termini and will accordingly react with added monomer 
and thus continue to grow. 


Epoxy RESINS 


Most people who have ever had the necessity of repairing things are familiar with epoxy resins 
as adhesives, usually without understanding how they work. Two components are mixed just 
before they are applied to the surfaces to be bonded. One of the components (the base resin or 
epoxy resin) is a polymer containing epoxide rings. The other component (the hardener) is a 
polyamine. The several amino groups of the polyamine act as nucleophiles toward epoide rings 
of different chains, causing the polymer chains to become cross-linked. When the polymer is 
cross-linked, it becomes extremely hard and strong, accounting for the great bonding proper- 
ties of this type of adhesive. 

The most common of the epoxy resins is made by a polymerization reaction between 
epichlorohydrin (the common name given to the oxirane derived from 3-chloro-1-propene) 
and bisphenol А [the common name given to 2,2-bis(4’-hydroxyphenyl)propane], as shown 
in Equation 29.7. An unopened oxirane ring remains at each end of the growing polymer 
chain. The hardener is a polyamine, such as 29.2 or 29.3; it reacts with the oxirane rings at 
the termini. 


CH; 
О | 
+ НО i OH > 
LN i 
CH,Cl 
m 
„(9 -о-ав-си-св 
CH; OH 


(Eq. 29.7) 


n 


(H,NCH,CH,CH,),NH (H,NCH,CH,CH))3N 
292 29.3 


Cross-linking begins with nucleophilic attack by amino groups on oxirane rings of different 
polymer chains, as shown in Figure 29.10. Each time an oxirane ring is opened by nucleophilic 
attack of an amine group, a new nucleophilic hydroxyl group (an incipient alkoxide anion) is 
generated that can attack the oxirane ring of another polymer chain. By a succession of such 
reactions, extensive cross-linking is established. 
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O 
| Cu, сн,снон›сн; 
HN -H* HN 
| — j 
НМ 
2. CH, \ 
CH,CH(OH)CH, 
O 


Figure 29.10 The first step іп the cross-linking of an epoxy resin with a polyamine 
hardener. 


* Synthetic polymers are high molecular weight substances that find widespread use as 
plastics, fibers, adhesives, and construction materials. 


* Addition polymers can be made by adding an appropriate initiator to a suitable monomer 
(i.e., an alkene or alkene derivative) to set in motion a chain reaction. 


* Radicals, cations, anions, and organometallic reagents can be used to bring about addition 
polymerization reactions. 


* In an isotactic polymer, all of the stereogenic carbon atoms of the chain have the same 
configuration. In a syndiotactic polymer the stereogenic carbon atoms have alternating 
configurations. In an atactic polymer there is no regularity to the arrangement of stere- 
ogenic carbon atom configurations. 


* The stereochemistry along a polymer chain has an important effect on the properties of 
the polymer. Different polymer chains of the structurally more ordered isotactic and syn- 
diotactic polymers pack together more efficiently than do chains of atactic polymers. The 
result is that isotactic and syndiotactic polymers are more crystalline and more useful than 
are atactic polymers. 


* The Ziegler-Natta catalysts provide a route to more crystalline isotactic addition polymers. 


* A polymer made up of more than one kind of monomer is called a copolymer. Several 
sorts of copolymers have been synthesized. Among the more important of these are graft 
copolymers and block copolymers. Copolymers often have superior properties to the 
more simple polymers. 


* Condensation polymers are made by the reaction of a pair of monomers, each of which 
contains two (or more) functional groups that are reactive toward the functional groups of 
the other monomer. For example, diols and dicarboxylic acids react to form polyesters, 
and diamines and dicarboxylic acids react to form polyamides. 
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* Cross-linking of polymer chains produces a stronger polymer. A useful example is found 
with epoxy adhesives. The hardener used with these adhesives is a polyamine that gener- 
ates the cross-links by nucleophilic attack on the oxirane rings of different polymer 


chains. 
Terms to Remember 
addition polymers isotactic graft copolymer 
Ziegler-Natta catalysts syndiotactic living polymer 
crystallinity condensation polymer epoxy resin 


atactic block copolymers 


Problem 29.1 


Soft contact lenses are made of the addition polymer having the repeating structure 
shown below. What monomer would you use to prepare this polymer? 


C—O 


OCH, CH, OH 


(answer) 


Problem 29.2 
Consider the polymerization of styrene. Explain why the polymer always has the benzylic 


type carbon of one monomer unit attached to the non-benzylic type carbon atom of the 
next monomer unit along the entire length of the chain. 


(answer) 


Problem 29.3 


In the polymerization of isobutylene, why do the monomer units become attached in a 
head-to-tail fashion all of the way along the chain? 


(answer) 


Problem 29.4 


It is possible to use anions, such as the amide ion, to initiate the polymerization of some 
o, p-unsaturated alkenes. Reaction begins with the amide ion attacking the alkene to form 
a resonance-stabilized carbanion. This carbanion in turn adds in a Michael fashion 
(Chapter 23) to another molecule of the alkene to produce a new and larger resonance- 
stabilized carbanion. The polymer chain is built up by a succession of additions of this 
type. Write a complete mechanism (used curved arrows) for the polymerization of 
acrylonitirle (H;C-CH-CN) brought about by treatment with sodium amide. 


(answer) 


Problem 29.5 


Would you expect any samples of polypropylene prepared by polymerization of 
propylene to be optically active? Explain your answer. 


(answer) 


Problem 29.6 


Which of the following does not give rise to distinct isotactic, syndiotactic, and atactic 
polymers: vinyl chloride (НС СНС) or vinylidene chloride (H;C2CC15)? Explain why. 


(answer) 


Problem 29.7 


How many different benzene dicarboxylic acids are there? Which one of these would you 
anticipate to produce the most crystalline polymer through reaction with ethylene glycol? 
Explain your answer. 


(answer) 


Problem 29.8 


Many polyesters are efficiently prepared in a reaction known as a transesterification. 
Suggest how it would be possible to start with a diol and the dimethyl ester of a 
dicarboxylic acid to produce the polymer shown below using a transesterification 
reaction. (This polymer is known by its commercial name of Kodel.) 


wet 


27 
© 
3 


(answer) 


Problem 29.9 


A highly rigid polymer known as Glyptal can be prepared by reaction of phthalic 
anhydride and glycerol (1,2,3-propanetriol). The high rigidity of the polymer is 
associated with the cross-linking of polymer chains. In the first stages of the reaction, a 
linear polyester is formed because glycerol preferentially forms ester linkages through its 
more reactive terminal (primary) hydroxyl groups. Cross-linking then occurs as glycerol 
units of separate polymer chains form ester linkages between their less reactive central 
(secondary) hydroxyl groups. Show a representative portion of Glyptal, indicating the 
chemical nature of the cross-links. 


(answer) 


Problem 29.10 


We have often seen organic peroxides acting as initiators of radical chain reactions. 
Azobisisobutyronitrile (AIBN, shown below) can be used as an alternative to a peroxide 
for this purpose. On heating, AIBN dissociates to yield nitrogen gas plus radicals. Use 
fishhook arrows to describe this decomposition. What end group will be present in an 
addition polymer produced using AIBN as the radical initiator? 


qe ов 
NC— C —N-N —C—CN 
CH, CH, 
AIBN 


(answer) 


Problem 29.11 


Give the structures of the monomers or polymers indicated A-C. 


a) 
CI 
A - 7 ! 
CH, — C—CH-CH; 
(СНС!) 
n 
neoprene: a synthetic rubber 
with excellent resistance to 
weather, oil, and heat 
b) 
CO,H NH, 
a polymer commonly known 
+ To В as Kevlar, used to make 
bulletproof vests 
CO, H NH, 
c) 


a polycarbonate ester 
. that is transparent and 
Cl, C=O + bisphenol А — € impact resistant, commonly 


known as Lexan 
phosgene (see Section 29.5) 


(answer) 


Problem 29.12 
In a polymerization process initiated by free radicals, which experimental conditions 


would you choose in order to generate a polymer of higher molecular weight: an excess 
or a deficiency of the radical initiator? Explain your answer. 


(answer) 


Problem 29.13 
Poly(vinyl alcohol) is used for fibers and in adhesives. Give a structure for this polymer. 


It can not be prepared by polymerization of vinyl alcohol. Why not? How could you 
synthesize poly(vinyl alcohol) starting with vinyl acetate? 


(answer) 


Problem 29.14 


When each of the following is treated as indicated, a polymer forms. Show a mechanism 
for each reaction and deduce the repeating units in the polymer chains. 


a) 
O 
< ж + НО” » 
p-propiolactone 
b) 
O 
NH 
+ HO? > 


£-caprolactam 


с) 
Pa + HOCH,CH, OH 
О О о 


(answer) 


» 


Problem 29.15 


Urethanes (general structure shown below) are made by reaction of an isocyanate, 
general structure R-N=C=O, with an alcohol, R'OH. 


О 
|| 
C 


и N R' 
R—NH Ө 


Write a mechanism for the formation of a urethane using the curved-arrow 
formalism. 

Polyurethanes are polymers with a variety of industrial uses. Which starting 
materials would you use to prepare a polyurethane? What is the repeating unit in the 
polymer? 


(answer) 


Problem 29.16 
A living polymer can be "killed" by adding water to it. That is, the polymer will no 
longer grow when fed monomer after water has been added to it. Account for the role of 


water in this process. 


(answer) 


Problem 29.17 


Polymerization of a substance of formula СН іо yields a polymer that on ozonolysis and 
work-up under reductive conditions produced the compound shown below. 


O 


O 


Suggest a structure for the monomer, and show the repeating unit of the polymer. 


(answer) 


29.1-answer 


H, C-CH-C(O)OCH , СН,ОН 


29.2-answer 


When a free radical adds to a styrene molecule, it always adds at the site that will 
generate the more stable of the possible free radical products. That is, the radical will 
attach to the non-benzylic carbon atom, leaving the free radical located at the benzylic 
carbon atom site. This new free radical, a benzylic type free radical, will act in a 
corresponding manner, adding to the next monomer unit along the chain so as to generate 
the more stable of the possible free radicals, specifically, the free radical site (benzylic) 
will add to the non-benzylic atom to generate a new benzylic type free radical. 


29.3-answer 


When a carbocation adds to an isobutylene molecule, it always adds at the site that will 
generate the more stable of the possible carbocation products. That is, the carbocation 
will attach to the less highly substituted carbon atom, leaving the positive charge located 
at the tertiary carbon atom site. This will occur in this manner with each addition of a 
new isobutylene molecule. 


29.4-answer 


Pr d дай 7 
HN = — —— —- Н,М-СН,-СН-СМ 


resonance-stabilized 
by delocalization to N 


H4N-CH ,-CH(CN)-CH ,-CH-CN 


| 
| 


Y 


repeat additions 


chain termination 
МН; 


Y 


HN E fi H 


CN 
n 


29.5-answer 


We could anticipate chirality for polypropylene only if there were chirality introduced in 
the catalyst itself. Otherwise, none would be possible since racemic mixtures would be 
produced. In fact, we are not guaranteed chirality even if it were present in the catalyst, 
only the possibility of chirality. 


29.6-answer 


Vinylidene chloride would not give rise to the several different types of polymers. There 
can not be any stereogenic sites within the polymer from vinylidene chloride. 


29.7-answer 


There are three different benzene dicarboxylic acids, the ortho-, the meta-, and the para- 
isomers. The para-isomer would be anticipated to provide a more crystalline polymer 
than would the other as it would tend to be more linear (while the others would tend to 
form coils). 


29.8-answer 


For the production of the particular polyester in question we would start with the 
dimethyl ester of terephthalic acid and trans- 1,4-di(hydroxymethyl)cyclohexane. The 
transesterification would be initiated by heating the mixture with a catalytic amount of 
acid, the by-product methanol being distilled from the reaction system as it formed. 


29.9-answer 


29.10-answer 


CH, CH, 
NC c N=N- c CN 
| м. | 
CH; CH; 


The end group present will be: 


— ве 


№, + 


CH, 
2 мс-с. 
N 
CH, 


29.11-answer 


a) 


b) 


с) 


29.12-answer 


A deficiency in the amount of initiator would be used to generate a higher molecular 
weight polymer. If a fewer number of chains are initiated, those which are initiated have 
the chance to become longer. 


29.13-answer 


On 
CH, —CH 
n 


Vinyl alcohol itself (НС=СНОН) is a thermodynamically unfavorable enol form of 
ethanal. If vinyl acetate were first polymerized, and then hydrolyzed, poly(vinyl alcohol) 
would be produced. 


29.14-answer 


a) 


О сон 


МН 


» 


со, 


с) 


COH 


—— 
О 

О О 
СО2Н 


esterification of an anhydride occurs leading to: 


3 


29.15-answer 


R'-O-H H 


R—N—C=O S 


For the formation of a polyurethane we would need to use a diol and a diisocyanate. The 
repeating unit of a polyurethane would be 


29.16-answer 


The water will provide a proton to react with the negatively charged site on the living 
polymer, thereby ending its ability to add monomer units to the chain. 


29.17-answer 


The monomer is 2,3-dimethyl-1,3-butadiene. 


MOLECULAR ORBITALS IN 
CONCERTED REACTIONS 


30.1 INTRODUCTION 


Organic chemists classify reactions in numerous ways. One very important way is to classify 
reactions according to similarities in their mechanisms. In this way, reactions that may seem 
unrelated at first glance can be joined into families. A reaction mechanism was described earlier 
as a step-by-step listing of the processes through which reactants are converted into products. 
We have seen, however, that some reactions (e.g., an 5х2 reaction) proceed in a single reaction 
step. Such reactions are said to be concerted reactions. No reaction intermediates are involved. 
Instead, the reactants collide and proceed to products via a single transition state without reach- 
ing any intervening intermediate species (a relative energy minimum stage along the reaction 
coordinate). You should refer to Chapter 10 to review the difference between intermediates and 
transition states—activated complexes.) 

In this chapter we analyze a group of concerted pericyclic reactions (reactions with cyclic 
activated complexes). These reactions were poorly understood until the late Professor 
R.B. Woodward of Harvard University and Professor Roald Hoffmann, currently of Cornell 
University, applied molecular orbital principles to gain an important new type of understanding 
of these reactions. In 1981 Professor Hoffmann was awarded the Nobel Prize in chemistry for 
this effort, along with Professor K. Fukui of Kyoto University, another pioneer in the applica- 
tion of molecular orbital considerations to the understanding of organic reactions. (Professor 
Woodward, who had died in 1979, had already received a Nobel Prize in 1965 in recognition of 
his outstanding work in the area of synthetic organic chemistry.) 

We will begin by considering some examples of reactions that do occur and reactions that 
do not occur, to see how the puzzling contrasts set the stage for Woodward and Hoffman to 
develop their model. 
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30.2 EXPERIMENTAL RESULTS 


CYCLOADDITIONS 


The Diels-Alder reaction was introduced earlier. A further example of a Diels-Alder type of 
reaction is shown in Equation 30.1. 


100°C / 4 
—— “ Р — 
== 1 hr А--- ( 
CHO CHO CHO 


100% yield (Eq. 30.1) 


Diels-Alder reactions occur under conditions of thermal stimulation (i.e, upon heating). 
Some Diels-Alder reactions actually occur at room temperature or below. They are still clas- 
sified as thermal reactions. The Diels-Alder reaction is a cycloaddition reaction—two 
separate open-chain entities combine to form a cyclic product. The reaction occurs in a sin- 
gle step. There is no evidence for any intermediates such as radicals, carbocations, or 
carbanions. 

While Diels-Alder reactions occur readily between dienes and dienophiles under thermal 
stimulation, the apparently similar cycloaddition depicted in Equation 30.2 can not be accom- 
plished by heating. However, it does occur under stimulation with light. 


EN MS 


Етте not with heat) 


O 
45% yield (Eq. 30.2) 


In contrast, light stimulation can not substitute for thermal energy in the Diels-Alder 
reaction. Shining light on a mixture of a diene and a dienophile does not cause a Diels-Alder 
reaction to occur (although a different type of reaction at times does occur under these 
conditions. 

Many studies have demonstrated the generality of the observations just described. It is 
now helpful to introduce a classification system for considering these cycloadditions. 
Cycloadditions involving a diene component (a four x electron system) and an alkene com- 
ponent (a two л electron system) аге known as [ла + тә] cycloadditions. Cycloadditions 
involving the union of two alkene components (each а two л electron system) are referred to 
as [1 + 15] cycloadditions; this latter type of cycloaddition requires photochemical stimula- 
tion in order to occur. 


CHAPTER 30 % MOLECULAR ORBITALS IN CONCERTED REACTIONS 1133 


Еіествосусітс REACTIONS 


In an electrocyclic reaction, a ring is formed by the generation of a new o bond between the two 
ends of a conjugated m-electron system. Two examples of electrocyclic reactions involving the for- 
mation of six-membered rings are shown as Equation 30.3 and Equation 30.4. Both reactions start 
with the same triene and occur with the formation of a new o bond between the termini of the 
conjugated triene unit. Notice, however, that while reaction is initiated under either thermal 
or photochemical conditions, different isomers are produced under each of the two sets of 
conditions. 


7 “Св: H 
heat 
H 
\ a CH; 
CH 
НС : 


(2E,4Z,6E)-2,4,6-octatriene cis-5,6-dimethyl-1,3-cyclohexadiene (Еа. 30.3) 


Г \ (№ CH; 
light 
H 
Nee i 
T. CH; 


trans-5,6-dimethyl-1,3-cyclohexadiene 
(racemic) (Eq. 30.4) 


| 


(2E,4Z,6E)-2,4,6-octatriene 


The reactions shown in Equation 30.5 and Equation 30.6 illustrate electrocyclic processes 
that form four-membered rings through the generation of a new o bond between the termini of 
diene components. Notice that the reactants differ only in the geometries about one of their 
double bonds. The two reactions (starting with different isomers) proceed to give the same 
product, but the first requires thermal stimulation while the second requires photochemical 
stimulation. 


80°C 
Ж "EE 


(E,Z )-1,3-cycloóctadiene 100% yield (Eq. 30.5) 
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Ou 


(Z,Z)-1,3-cycloóctadiene 41% yield (Eq. 30.6) 


Finally, consider the two thermally induced retro electrocyclic reactions shown in Equation 
30.7 and Equation 30.8. Both involve the opening of cyclobutene rings, and both are stereospe- 
cific. That is, starting isomers (that differ in a particular stereochemical manner) produce 
isomeric products that differ in a particular stereochemical manner. 


H 
CH; heat ы nc \ и 
H Н.С 
СН» 
cis-3,4-dimethylcyclobutene (E,Z )-2,4-hexadiene (Eq. 30.7) 
СН» 
heat 
H —- "s 
СН; и 
trans-3,4-dimethylcyclobutene (E,E)-2,4-hexadiene (Eq. 30.8) 


Some patterns clearly exist in these reactions and in related reactions that we will meet later 
in this chapter. In particular, reactivity (or the lack of it) and the nature of the product depend 
critically on three factors: 


1. the type of stimulation (thermal or photochemical) 
2. the numbert of л electrons in the reactant 


3. the stereochemistry of the reactant. 


However, organic chemists were puzzled about the underlying theoretical basis of these 
observations. Could a model be developed that would satisfactorily rationalize all of the 
experimental observations, and enable organic chemists to predict the conditions required to 
produce a particular stereochemical consequence? From Woodward and Hoffmann’s analysis 
emerged such a theoretical model. It will be the focus of our attention in the remainder of this 
chapter. 
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30.3 А REVIEW OF THE MOLECULAR ORBITAL MODEL 


FUNDAMENTALS 


According to the molecular orbital model, a set of orbitals (molecular orbitals), each with a 
characteristic shape and energy, is available to electrons in molecules (Chapter 16). The usual 
approach for obtaining a description of the molecular orbitals of a particular molecule is the 
linear combination of atomic orbitals (LCAO) method. The atomic orbitals of the constituent 
atoms provide the starting points in this method. Molecular orbitals are constructed by mathe- 
matically combining the participating atomic orbitals from the atoms in the molecule, following 
the guidelines outlined in Chapter 16 and elsewhere in the text. An important point is that a com- 
bination of n atomic orbitals always leads to n molecular orbitals. 


TvPes OF MOLECULAR ORBITALS 


Examples of atomic orbital combinations that lead to с and л molecular orbitals are shown in 
Figure 30.1. End-on interaction of s, p, or hybrid orbitals (or combinations thereof) leads to 
the generation of o molecular orbitals, while side-to-side interaction leads to л molecular 
orbitals. 


Моопез, ENERGIES, AND SYMMETRY CORRECTNESS 


A node is a region of a molecular orbital where the wave function has a value of zero. No 
electron density (given by the square of the magnitude of the wavefunction at a particular posi- 
tion) is present at a node. In Chapter 16 we introduced a useful correlation between the number 
of nodes and the energies of molecular orbitals generated by the combination of atomic 
orbitals. Figure 30.2 reviews this correlation, using the л molecular orbitals of 1,3,5-hexatriene 
as an example. 

Another important point to keep in mind when constructing molecular orbitals from atomic 
orbitals is that the molecular orbitals must be symmetry correct. That is, the molecular orbital 
must be either symmetric or antisymmetric with regard to the symmetry elements of the mole- 
cule in question (see Chapter 16). For example, the single node of Ше до molecular orbital of 
1,3,5-hexatriene is midway between the third and fourth atoms of the chain; one side of the chain 
(about the node) is the complete reverse (antisymmetric) of the other side of the chain about the 
node. 


FRONTIER MOLECULAR ORBITALS 


A complete understanding of the reactivity of a molecule requires knowledge of all of its molec- 
ular orbitals. However, a useful simplification is to consider only the frontier molecular 
orbitals, that is, the highest energy occupied molecular orbital (HOMO) and the lowest energy 
unoccupied molecular orbital (LUMO). Often we can derive useful information about the poten- 
tial energy of a molecule through inspection of just its frontier molecular orbitals. If a pair of 
molecules are reacting with each other, we need to consider the frontier molecular orbitals of 
both molecules. 
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Energy 


Energy 


higher in energy than the starting atomic orbitals are antibonding; those lower 


Figure 30.1 Construction of molecular orbitals from atomic orbitals. Any molecular orbitals 
in energy than the starting atomic orbitals are bonding molecular orbitals. 


30.4 THE TRANSFORMATION OF REACTANT TO 
PRODUCT MOLECULAR ORBITALS 


In a reaction, the molecular orbitals of the reactant(s) must be converted into the molecular 
orbitals of the product(s). Woodward and Hoffmann proposed that in concerted reactions (those 
occurring without proceeding through any type of intermediate) a principle known as the 
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number of 
vertical nodes 


Energy v 5 
6 
+ . . 
— T5 antibonding 4 
—— T4 3 
ла Bee, ee м: energy of starting 
p orbitals 

——— T3 2 

— то bonding 1 

——— лу 0 
74 пд“ 
T5 ла“ 
T3 лв“ 


FicunE 30.2 Relative energies and nodal characteristics of л molecular orbitals of the 
hexatriene system. The molecular orbitals increase in energy with increasing 
number of nodes. All of them have the horizontal nodal plane passing 
through the atoms of the skeletal structure. The additional nodes vary with 
increasing energy of the particular molecular orbital. The molecular orbitals 
are symmetrical in their energy distribution about the energy of the starting 
atomic orbitals. 


conservation of orbital symmetry must hold. According to this principle, the molecular 
orbitals of the reactant(s) evolve smoothly into the molecular orbitals of the product(s). The 
essence of this model is that the orbitals of the reactants can evole only into orbitals of products 
having the same symmetry characteristics. 

In this chapter we will investigate the use of the symmetry characteristics of frontier molec- 
ular orbitals to gain the types of insights that follow from the Woodward-Hoffmann approach. 


1138 ORGANIC CHEMISTRY 


This is a simplified form of the application of orbital symmetry to concerted reactions (not all 
orbitals are considered), but it is extremely useful for its predictive abilities. 


30.5 CONTRASTING CONDITIONS FOR Тл. + 1;] AND 
іл, + 1;] CVCLOADDITIONS 


GENERAL 


Earlier in this chapter we noted that contrasting experimental conditions are necessary for the 
stimulation of different types of cycloaddition reactions. The specific examples we considered 
indicated that thermal stimulation was required for [ла + m2] cycoloadditions, while photo- 
chemical stimulation was required for [1 + m2] cycloadditions. In this section we will analyze 
these reactions using the frontier molecular orbital concepts. First, we will consider the orbital 
interactions that can occur under thermal stimulation for both types of cycloaddition reactions. 
We will then consider the same types of interactions under photochemical stimulation. 


THERMAL STIMULATION 


Under thermal stimulation both reactants are present in their electronic ground states. None of 
the antibonding molecular orbitals are occupied. Therefore, the frontier molecular orbitals are 
the highest-energy bonding л molecular orbital of one reactant, and the lowest energy anti- 
bonding д“ molecular orbital of the other reactant. Looking at these interacting orbitals of the 
reactants, we now consider the new o bonds that are generated in the reaction (Figure 30.3). 

We see that in both reactions two new o bonds must form. If the reaction is concerted, both 
new с bonds must form simultaneously, and this is possible only if the interaction of the fron- 
tier molecular orbitals leads to the generation of two o-bonding interactions at the same time. 
Before we consider the interaction of the frontier molecular orbitals, we need to look at the geo- 
metric requirements of the reaction. In order for reaction to occur, the two components must 
approach so that the lobes of the reactant л molecular orbitals (think of the ends of the p orbitals 
from which the л molecular orbitals are constructed) interact in an end-on manner. If both new 
bonds that are forming emanate from the same face of a reacting component, the reaction is said 
to be suprafacial with regard to that component, as is illustrated in Figure 30.4. If the two new 
bonds form involving opposite faces of a reacting component, we say that the cycloaddition 
is antarafacial with regard to that reaction component. This geometry is also illustrated in 
Figure 30.4. 

For simple [лә + лә] cycloadditions we neeed to consider principally a mode of reaction that 
is suprafacial with respect to each of the two components. We classify such a reaction as a 
[Tos + 55] process. Another type of approach is possible in principle—a cycloaddition in which 
one component reacts in a suprafacial manner while the other reacts in an antarafacial manner. 
This type of process is classified as а [Tos + 1a] process. Both types of processes are illustrated 
schematically in Figure 30.5. 

Normally, for [лә + m2] we need consider only the [Tos + ms] possibility. The alternative 
[Tos + тоа] process normally has too much strain associated with it to occur readily. Thus, to 
assess the possibility of a concerted | по + m2] cycloaddition, we normally need only to consider 
whether the simultaneous generation of two new с bonds is possible through [725 + 725] inter- 
action of the frontier molecular orbitals. 
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[T5 + T2] cycloaddition 


new б bonds 
formed in reaction 


[па + 15] cycloaddition 


new б bonds 
formed in reaction 


Ғісиве 30.3 New bond formation if cycloaddition reactions. In both [ла + л] and (т + ло) 
cycloadditions, a pair of new o bonds form. If the cycloaddition reaction is 
concerted, both new bonds must form simultaneously. 


reacting component 


— 
== 


suprafacial addition 
to a reaction component 


antarafacial addition 
— to a reaction component 


Ғісиве 30.4 Suprafacial and antarafacial modes of addition. In a suprafacial addition the 
two new bonds (illustrated by arrows) are formed to the same face of the 
reacting component. In an antarafacial addition, one new bond is formed to 
each of the two (opposite) faces of the reacting component. 
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supra supra 


supra antara 


Figure 30.5 Suprafacial-suprafacial and suprafacial-antarafacial cycloadditions. In the 
reaction illustrated on the top, both components react in a suprafacial 
manner. In the reaction illustrated at the bottom, only one component 
interacts in a suprafacial manner while the other acts in an antarafacial 
manner. 


LUMO of one alkene 
component 


HOMO of the second 
alkene component 


Figure 30.6 Orbital approach for а [mzs + 125] cycloaddition. When the two alkenes 
approach face-to-face, the interaction of the HOMO of one component with 
the LUMO of the other component does not lead to the simultaneous 
formation of two new o bonds. Thus, concerted cycloaddition is not possible 
by а [ros + л›5] process. 


As is shown in Figure 30.6, the simultaneous generation of two new o bonds in fact is 
not possible for a [Tos + 75] cycloaddition. When the HOMO of one alkene interacts with 
the LUMO of another alkene, only one new o bonding interaction can occur. The approach 
of the two components utilizing these two molecular orbitals provides a constructive, new- 
bond-forming interaction on only one side of the potential cyclobutane system, while the 
other side produces an antibonding interaction. We thus say that the [155 + 155] process is 
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symmetry forbidden. (Notice that this analysis precludes only the possibility that a con- 
certed cycloaddition could occur—stepwise cycloaddition is not excluded. The frontier 
molecular orbital analysis relates only to concerted processes.) 

Figure 30.7 shows a frontier molecular orbital analysis for a [128 + 745] cycloaddition of an 
alkene and a diene (Diels-Alder reaction). We could choose two sets of frontier molecular 


diene HOMO 


4 


alkene LUMO 


diene LUMO 


| 


ү 7 


5-0 


alkene HOMO 


Figure 30.7 Frontier molecular orbital analysis of the suprafacial-suprafacial approach of 
a diene and an alkene under conditions of thermal stimulation. We can look 
at the interaction in two ways. The diagram at the top shows the interaction 
of the diene HOMO with the alkene LUMO, while the diagram at the bottom 
shows the interaction of the diene LUMO with the alkene HOMO. Each 
analysis leads to the conclusion that two simultaneous o-bonding interactions 
can occur. This is consistent with the experimental result that concerted 
reactions (Diels-Alder reactions) do occur under thermal stimulation with 
these types of reagents. 


1142 ORGANIC CHEMISTRY 


orbitals for this reaction, either diene-HOMO/alkene-LUMO, or diene-LUMO/alkene-HOMO. 
Regardless of the set we choose we see that simultaneous formation of two new o bonds can 
occur. We thus say that a [745 + 11s] cycloaddition is symmetry allowed— such a cycloaddition 
can occur in a concerted fashion. 

A symmetry allowed concerted pericyclic reaction generally occurs with relative ease. It has 
a significantly lower activation energy than does a symmetry forbidden reaction, and its activa- 
tion energy is lower than that for any stepwise process leading to the same products. 


PHOTOCHEMICAL STIMULATION 


Consider a [Tos + 7:5] cycloaddition occurring under photochemical stimulation. (An example 
is the cyclodimerization of 2,3-dimethyl-2-butene, illustrated in Equation 30.9.) If the excitation 
wavelength is properly chosen, some molecules of starting material will become excited. In 
these excited molecules one electron occupies an orbital that was the LUMO of the ground state 
molecule, but now is the HOMO of the excited state species. Because the concentration of 
excited state species at any particular time is very small compared to the concentration of ground 
state molecules, the most likely reaction is between an excited state molecule and a ground state 
molecule. A frontier molecular orbital analysis for such a reaction is shown in Figure 30.8. From 
this analysis we see that such a reaction is symmetry allowed, and thus frontier molecular orbital 
analysis provides an explanation for the experimental observation that concerted [Tos + Ts] 
cycloadditions occur under photochemical (but not thermal) stimulation. 


hv 


2 -------- 


75% yield (Eq. 30.9) 


HOMO of excited state 
alkene 


two new o bonds can 
form simultaneously 


LUMO of ground state 
alkene 


Figure 30.8 Frontier molecular orbital analysis of the cycloaddition of a ground state 
alkene molecule with an excited state alkene molecule. A concerted reaction 
is possible because the two required new c bonds can form simultaneously. 
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The frontier molecular orbital analysis for a [745 + 125] cycloaddition under photochemical 
conditions is illustrated in Figure 30.9. One of the molecules (most likely the diene component) 
may be excited photochemically and may begin to interact with a ground state molecule of the 
other component. We see that regardless which component is excited photochemically, the 
reaction is symmetry forbidden. This analysis provides a rationalization for the experimental 
observation that light does not substitute for heat in stimulating the Diels-Alder and related 
reactions. 


diene HOMO (excited) 


alkene LUMO 


diene LUMO 


ү = 


alkene HOMO (excited) 


Figure 30.9 Frontier molecular orbital analysis of photochemically stimulated Diels-Alder 
type reaction. On the top is the analysis for the interaction of an excited state 
diene with a ground state alkene. On the bottom is the analysis of the 
interaction of a ground state diene with an excited state alkene. Neither leads 
to simultaneous formation of two new o bonds. 
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30.6 CONCERTED ELECTROCYCLIC REACTIONS 


BASIC PRINCIPLES OF RING CLOSURES 


Electrocyclic reactions (introduced earlier in this chapter) involve the intramolecular cyclization 
of a polyene, or the reverse of that process, the ring opening of a cyclic alkene to an open-chain 
polyene. In this section we will apply the molecular orbital model toward an understanding of 
these reactions. 

We will use the reactions depicted in Equation 30.3 and Equation 30.4 to illustrate a simple 
approach for analyzing this type of reaction. Both of these reactions (Equation 30.3 and 
Equation 30.4) employ (2E,4Z,6E)-2,4,6-octatriene (30.1) as a starting material. Under thermal 
stimulation this species is converted to cis-5,6-dimethyl-1,3-cyclohexadiene (30.2), but under 
photochemical stimulation Ше isomeric compound frans-5,6-dimethyl-1,3-cyclohexadiene 
(30.3) is formed. Using molecular orbital theory to analyze these different reaction routes 
involves first a consideration of the HOMO of the open-chain polyene. 


a 
< CH; 
СН; 
(2E,4Z,6E)-2,4,6-octatriene 
30.1 
CH 
H 3 
СҢ; Н 
CH; CH; 


cis—5,6—dimethyl-1,3,-cyclohexadiene ^ trans-5,6-dimethyl-1,3,-cyclohexadiene 
30.2 30.3 


If we wish to consider the cyclization of 30.1 under thermal conditions, we need to look at 
the HOMO shown in Figure 30.10. Cyclization requires formation of a new o bond between 
termini of the л system. The formation of such а bond using the HOMO of the polyene requires 
a 90* rotation of the lobes of each of the orbital components on these atoms. Given the phas- 
ing of the lobes in the HOMO, formation of a 6 bond requires that these orbital components 
rotate in opposite directions (one clockwise and the other counterclockwise), as is indicated in 
Figure 30.11. We refer to such a rotation of the component lobes in opposite directions as a 
disrotatory process. 

When the termini of the polyene function rotate, the groups attached to those termini also 
rotate. In this instance, disrotatory closure results in the two methyl groups having a cis rela- 
tionship in the cyclized material, as is shown in Figure 30.12 (this is also the experimentally 
Observed result). 

If we irradiate (2E,A4Z,6E)-2,4,6-octatriene with light of a suitable wavelength, an electron is 
promoted from the original HOMO to the original LUMO (which becomes the new HOMO of 
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Figure 30.10 HOMO of ground state of (2Е,42,6Е)-2,4,6-осіаїгіепе. 


2-0 


Ғісиве 30.11 Disrotatory closure іп ап electrocyclic reaction. Rotation of the HOMO 
component lobes at the termini of the linear conjugated triene in a 
disrotatory manner leads to the formation of a new c bond. The remaining 
lobes of the involved orbitals (the HOMO and the occupied lower level x 
molecular orbitals) are omitted for clarity. In a disrotatory closure process, 
the termini of the polyene rotate in opposite directions. 


НЗС CH; H H 


FicunE 30.12 Disrotatory ring closure of (2Е,42,6Е)-2,4,6-осіаїгіепе to yield cis-5,6- 
dimethyl-1,3-cyclohexadiene. 


the excited state molecule). The HOMO of the excited state molecule is shown in Figure 30.13. 
with this molecular orbital, the termini of the polyene linkage must rotate in the same direction 
if a new bond is to form between them. We refer to this rotation as a conrotatory process. It 
leads to the methyl groups of the cyclized product assuming a trans relationship, as is observed 
experimentally in the photochemically stimulated cyclization. 
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НЗС CH; 


HOMO of the excited state of 
(2E,4Z,6E0-2,4,6-octatriene 


Figure 30.13 Conrotatory closure of (2E,4Z,6E)-2,4,6-octatriene under photochemical 
stimulation. The HOMO of the excited state of the reactant requires a 
conrotatory process for the formation of a new o bond between the termini of 
the polyene linkage. 


The analysis of electrocyclization given here is a simplified version of that devised by 
Woodward and Hoffmann in that it does not consider the transformation of all of the involved 
reactant orbitals into orbitals of the product. (In fact, all of the occupied moelecular orbitals of 
the starting material must be transformed into occupied orbitals of the product while maintain- 
ing orbital symmetry.) However, this simplified method provides a quick, reliable method for 
predicting the outcomes of such reactions. 

The reasoning introduced here can also be extended in a straightforward fashion to the for- 
mation of bicyclic molecules from monocyclic polyenes. For example, thermal stimulation of 
(E,Z)-1,3-cycloóctadiene (Equation 30.5) and photochemical stimulation of (Z,Z)-1,3-cycloéc- 
tadiene (Equation 30.6) lead to the same bicyclic product. These results are consistent with a 
symmetry-allowed thermal conrotatory ring closure of the (£,Z)-1,3-cyclodctadiene and a sym- 
metry-allowed photochemical disrotatory closure of the (Z,Z)-1,3-cyclodctadiene. These 
closures are illustrated further in Figure 30.14. 


ELECTROCYCLIC RING OPENINGS: THE PRINCIPLE OF MICROSCOPIC 
REVERSIBILITY 


The reactions discussed in the previous section are ring-forming electrocyclic processes. We can 
also consider concerted ring-opening reactions. The most common examples of ring-opening 
reactions involve cyclobutene derivatives. Two examples given earlier (Equations 30.7 & 30.8) 
are typical. The open-chain diene products are favored at equilibrium because of the strain asso- 
ciated with four-membered rings. 

How can we apply molecular orbital theory to such ring-opening reactions? We would con- 
sider the molecular orbitals of the cyclic molecule and determine whether conrotatory or 
disrotatory ring opening would be in accord with the conservation of orbital symmetry require- 
ments. To do so we would need to draw the o molecular orbitals of the cyclic molecule, a task 
that is not as straightforward as drawing the л molecular orbitals of the polyenes. 

However, we can also deduce the nature of the electrocyclic ring-opening reactions by 
invoking the principle of microscopic reversibility. This principle states that the most efficient 
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conrotatory 7 disrotatory 
H 
heat hv N ext? 
H 
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FIGURE 30.14 Symmetry allowed electrocyclic closures of 1,3-cyclodctadienes. 


route for the regeneration of reactants from products is the exact reversal of the steps involved 
in the forward reaction (the conversion of reactants into products). All concerted electrocyclic 
reactions occur in one step through a single transition state, and the transition state for the for- 
ward reaction is the same as that for the reverse reaction. Any conclusions we come to make 
regarding the conrotatory or disrotatory nature of the ring-opening reaction can be inferred from 
the ring-closing reaction. A disrotatory ring-closure process will reverse in a disrotatory manner, 
and a conrotatory ring-closure will reverse in a conrotatory manner. 

Suppose, for example, we wish to know which isomer of 2,4-hexadiene will result from the 
concerted, thermally-stimulated ring opening of cis-3,4-dimethylcyclobutene. To make this deter- 
mination on an orbital symmetry basis, we need only to apply the frontier molecular orbital 
considerations to the reverse reaction, that is, the ring-closure process. As shown in Figure 30.15, 
the thermal ring-closure process leading from a 1,3-butadiene to a cyclobutene is conrotatory. 
Thus, it follows, that the ring-opening is also conrotatory and that (E,Z)-2,4-hexadiene would 
form in the thermally stimulated ring-opening of cis-3,4-dimethylcyclobutene. 


THe SPECIAL KINETIC STABILITY or DEWAR BENZENE 


Dewar benzene is the common name given to the compound bicyclo[2.2.0]-2,5-hexadiene 
(30.4). Dewar benzene is a highly strained isomer of benzene. It was first synthesized in 1963, 
although substituted derivatives had been prepared earlier. The most remarkable property of 
Dewar benzene is its great kinetic stability, which stands in striking contrast to its relatively great 
thermodynamic instability. 


H 


H 


bicyclo[2.2.0]-2,5-hexadiene 
"Dewar benzene" 
30.4 
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ring closure 


PD m and 
----------- 


ground state HOMO 
of a 1,3-diene 


ring opening 


Н.С 
СН; 
conrotatory " PN 
> 
H СН; 
H cH; Н 
H 


Figure 30.15 Application of the frontier molecular orbital model to electrocyclic ring- 
opening reactions. At the top is shown the molecular orbital analysis of the 
electrocyclic ring-closure process for the diene/cyclobutene system. 
A conrotatory process is required for the concerted thermal reaction. At the 
bottom is shown the ring-opening process. According to the principle of 
microscopic reversibility, this reaction should also proceed via a conrotatory 
route. Conrotatory ring opening leads from the cis-3,4-dimethylcyclobutene 
to the (E,Z)-2,4-hexadiene. 


Consider the conversion illustrated in Equation 30.10. 


#77 — © 
(Ед. 30.10) 


The reactant in Equation 30.10 is extremely strained and therefore thermodynamically 
unstable relative to the product (benzene), which has aromatic stabilization. We expect (and 
find) there to be a very large thermodynamic driving force for the conversion of Dewar benzene 
to benzene. The experimental value is >70 kcal/mole. 

With such a large thermodynamic driving force for the reaction, we might expect that Dewar 
benzene would rapidly isomerize to benzene. That is, we might expect it to be kinetically 
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unstable as well as thermodynamically unstable. However, the reaction is rather slow. The 
half-life of Dewar benzene is about two days at room temperature. 

Molecular orbital symmetry considerations provide an insight into the reason for the kinetic 
stability of Dewar benzene. The isomerization of Dewar benzene to benzene requires the open- 
ing of one of the cyclobutene rings. We have seen that for such a process to occur in a concerted 
manner under thermal stimulation, the ring opening must be conrotatory. However, conrotatory 
opening of a cyclobutene ring of Dewar benzene does not lead to benzene. Rather, it leads to an 
impossibly strained benzene isomer containing a trans double bond in a six-membered ring, as 
shown in Figure 30.16. 

A disrotatory ring-opening of Dewar benzene would be required for the generation of ben- 
zene. However, this route is symmetry forbidden for a thermally stimulated process. The 
experimental result, a slow isomerization of Dewar benzene, is consistent with a stepwise rather 
than a concerted process. 


30.7 SIGMATROPIC REACTIONS 


We will now consider another important class of concerted reactions, those known as sigmat- 
ropic reactions. In sigmatropic reactions, a 6 bond migrates from one position to another along 
a polyene chain, accompanied by a shift of the polyene л bonds. 
A notation system invoking two numbers in a square bracket is used to classify sigmatropic 
reactions. Two examples, along with explanations of their notations, are shown in Figure 30.17. 
Some sigmatropic reactions occur readily under thermal stimulation, while others require 
photochemical stimulation. Molecular orbital theory provides insights and gives useful pro- 


H H 


A — 


H (ZZ, E)-1,3,5-cyclohexatriene 


>< (molecule is so highly strained 


it does not form) 

FIGURE 30.16 Concerted thermal ring opening of Dewar benzene. A concerted thermal 
ring opening of Dewar benzene must occur in a conrotatory manner 
because of molecular orbital symmetry requirements. Such a ring opening 
would lead not to benzene, but to a highly strained (2,2,Е)-1,3,5- 
cyclohexatriene, a molecule that has a trans double bond in a small ring and 
thereby does not even form. 
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An example of an overall sigmatropic reaction is: 
H,C — CH— CH=CH, ---->- Н;С--СН--СН--СН, 
H H 


To designate the nature of this reaction, we begin numbering the atoms of each of the components 
involved starting at from the site at which the original bond is broken, working toward the site at which 
the new bond is formed. 


1 2 3 
H4C — CH — CH=CH, 
| 
| 
н 
1 
We now look for the site at which the new bond is formed. The new bond joins atom 3 of one group and 
atom 1 (the hydrogen atom) of the other group. We thus refer to this reaction as a [1,3] sigmatropic reac- 
tion. 


A second example is provided by then reaction shown below. 


1 2 3 

вр сине Н,С--СН-СН. 

== — > 

HC — CH— CH, HjC — CH— CH. 
1 2 3 


This reaction is known as a [3,3] sigmatropic reaction. 


Figure 30.17 Classification of sigmatropic reactions. 


ductive guidelines for these reactions. Consider, for example, the rearrangements shown in 
Figure 30.18. In the first reaction shown in Figure 30.18, a hydrogen is transferred in a [1,3] 
manner, while in the second reaction a hydrogen is transferred in a [1,5] manner. Both reac- 
tions involve the transfer of a hydrogen from one end of the molecule to the other. The 
molecular orbital model allows us to predict if such reactions can occur in a concerted manner, 
and to analyze the geometrical requirements of such transfers. There are two geometrical pos- 
sibilities for such transfers—suprafacial transfers and antarafacial transfers—as shown in 
Figure 30.19. 

For [1,3] amd [1,5] hydrogen sigmatropic reactions we need to consider only the suprafacial 
mode, in which the hydrogen moves across one face of the molecule. Antarafacial shifts with a 
hydrogen in these small systems would require an unreasonable amount of twisting strain on the 
п framework in the transition state such that they would not be able to occur for reasons other 
than symmetry requirements. 
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[1,3] 
R—CH—CH—CH, ———>» R—CH—CH— CH, 
H H 
[1,5] 


К--СН--СН--СН--СН--СН, ———> R—CH-——CH- -—CH-——CH-— CH, 


H H 


Figure 30.18 Sigmatropic reactions of the [1,3] and [1,5] type involving the transfer of 
hydrogen. 


Ху) suprafacial ud 
> 

(“> antarafacial a4 
---------> 


—_ 


Figure 30.19 Suprafacial and antarafacial sigmatropic reactions. 


The critical molecular orbital analysis concerning the transition state for such reactions can be 
made in a rather simple manner. The transition state is viewed as an association of the migrating 
group with the remainder of the molecule. For example, for the [1,3] rearrangement of Figure 30.18 
we consider a hydrogen atom migrating along an allyl radical chain, as shown in Figure 30.20. 

The hydrogen atom has its single electron in the 15 orbital and uses that orbital to bond to 
the allyl radical. To determine if this process occurs in a concerted manner, we need to consider 
the way in which the 15 orbital of the hydrogen atom and the singly occupied orbital of the allyl 
radical interact. The x orbitals of the allyl radical are shown in Figure 30.21 (see Chapter 16 for 
a discussion of these orbitals). 


1152 ORGANIC CHEMISTRY 


” ~ 


R—CH— CH=CH, —> | Е-СН---СН---СН, | —> R—CH=CH— CH, 


H H 


ll view as 


н · 
R—CH— CH=CH, 


Figure 30.20 A [1,3] sigmatropic hydrogen transfer. We consider the concerted reaction 
proceeding through a single transition state that involves a hydrogen atom 
migrating along an allyl radical chain. 


Energy 


ла“ 


ма + 


Figure 30.21 Allyl radical x molecular orbitals with the ground state electronic 
configuration. 


For a thermal concerted reaction, we need to consider the way in which the т» molecular 
orbital interacts with the 1s orbital of the hydrogen atom. For a photochemical reaction, how- 
ever, we need to consider the excited state, in which Ше па“ orbital is singly occupied. First, 
consider an attempt at reaction under thermal conditions. For a suprafacial transfer, the hydro- 
gen atom can not bond simultaneously with both termini of the x system (Figure 30.22), and 
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thus the reaction can not be concerted. However, the reaction is predicted to be concerted if it is 
performed under photochemical stimulation conditions. Under these conditions the hydrogen 
atom can bind simultaneously to both of the termini of ће л system (Figure 30.22). This analy- 
sis matches the experimental observation that concerted [1,3] sigmatropic reactions involving 
the transfer of hydrogen occur only under photochemical stimulation. 

Although [1,3] sigmatropic rearrangements involving hydrogen transfer are symmetry 
forbidden under thermal conditions, similar rearrangements involving transfer of a methyl 
(or other alkyl group) are not forbidden because a carbon atom can use different lobes of 
a 2p orbital to bind simultaneously to both termini of the alkyl radical, as shown in 
Figure 30.23. 

It follows from the analysis of Figure 30.23 that the migrating alkyl group in a [1,3] sigma- 
tropic rearrangement must bind to its attachment site in the product using a different lobe of its 
2p orbital than was used to bind to its attachment site in the reactant. We predict that if the 
migrating site is stereogenic, an inversion of configuration will accompany the [1,3] sigmatropic 
reaction. Such inversions have been observed experimentally. Again, the molecular orbital 
analysis provides an understanding of the experimental observation. 

If the orbital symmetry of a reacting system is appropriate, a migrating carbon site could use 
the same lobe of its 2p orbital to bind to both of the involved sites (initial and final) in the tran- 
sition state of a sigmatropic reaction. The transition state of a suprafacial [1,5] sigmatropic 
reaction involving an alkyl shift is shown in Figure 30.24. 

The final category of sigmatropic reactions we will consider here are processes of the type 
shown in Equation 30.11 and Equation 30.12. We refer to them as [3,3] sigmatropic rearrange- 
ments. Following the approach we have been using for sigmatropic reactions, we can analyze 
the transition states of these reactions in terms of the association between the migrating group 
and the remainder (substrate). Both the migrating group and the substrate can be viewed as 
allylic radicals, as shown in Figure 30.25. 


bonding antibonding bonding bonding 


кл Seul ~ 


RHC CH, RHC CH, 
C 
| 
H 


the thermal suprafacial the photochemical suprafacial 
[1,3] sigmatropic reaction [1,3] sigmatropic reaction 
is symmetry forbidden is symmetry allowed 


Figure 30.22 Molecular orbital analysis of the transition states for thermal and 
photochemically stimulated [1,3] sigmatropic reactions involving hydrogen 
transfer. 
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Molecular orbital analysis of the transition state 


bonding себ bonding 
| СЫ 
СН, 


М 


Figure 30.23 Thermal [1,3] sigmatropic reaction involving an alkyl group transfer. This 
reaction is symmetry allowed. Carbon can use both lobes of a 2p orbital to 
bind simultaneously with the two termini of the allylic system. 


NC о | NC 
" 130°C > 
NC 
> XM 


8096 yield (Eq. 30.11) 
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FicuRE 30.24 Suprafacial migration of an alkyl group in a thermal [1,5] sigmatropic 
reaction. 
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transition state 


FicuRE 30.25 Transition state of a [3,3] sigmatropic reaction. It is convenient to view the 
transition state of a [3,3] sigmatropic reaction as an association of two allylic 
radicals. 
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B ж 50°C 
OO 


95% yield (Eq. 30.12) 


Molecular orbital analysis of the system shows that this type of concerted [3,3] sigmatropic 
reaction is symmetry allowed under thermal conditions, as shown in Figure 30.26. 


highest singly occupied molecular 
orbital of migrating group 

lowest singly occupied molecular 
orbital of substrate group 


Figure 30.26 Orbital interactions in the transition state of a [3,3] sigmatropic reaction. 
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Special Topic 


Bullvalene 


Bullvalene is one of a number of compounds that undergo rapid sigmatropic reactions at room tem- 
perature. When bullvalene undergoes such reactions it is transformed not into a new product, but 
rather into another molecule of itself. 


etc. а 


The carbon atoms have been numbered in the illustration above to indicate Ше changing bonding 
about the individual carbon sites. More than three thousand such sigmatropic reactions occur each 
second when bullvalene is at room temperature. However, in the process of undergoing this reaction, 
the carbon and hydrogen atoms change their individual temporary environments. For example, in the 
first structure shown above, carbon atoms 1, 2, and 3 define the cyclopropane ring (the cyclopropane 
ring is emphasized in each structure by the use of dots [+] for the carbon atoms). After the first 
rearrangement of bullvalene, the product molecule is still bullvalene, but carbon atoms 6, 7, and 8 
now constitute the cyclopropane ring. After a second rearrangement, carbon atoms 1, 3, and 4 define 
the cyclopropane ring. You should note that the product of this second rearrangement is still bullva- 
lene—the environments of the individual atoms have simply been shuffled—and is capable of 
undergoing further rearrangement. We say that bullvalene undergoes a degenerate rearrangement. 

When bullvalene is heated the rearrangement occurs so rapidly that the NMR spectrometer is not 
able to distinguish the different carbon or hydrogen atom positions. Only an identical average envi- 
ronment for each is detected. For example, at 100°C the proton NMR exhibits a single peak at 4.2 6 
reflecting the average environment. On cooling, the reaction slows and the individual environments 
of different hydrogens (or carbons) can be detected in the NMR spectra. 
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Concerted reactions proceed in a single mechanistic step without the formation of distinct 
chemical intermediates. 


Molecular orbital theory proves useful in analyzing pericyclic concerted reactions, those 
being reactions that occur via a cyclic transition state. The three major classes of peri- 
cyclic reactions are cycloadditions, electrocyclic ring closures and openings, and 
sigmatropic reactions. 


The molecular orbital analysis of cycloaddition reactions involves an inspection of the 
HOMO of one component and the LUMO of the other component. If the interacting 
orbital lobes are of corresponding phase, the reaction is said to be symmetry allowed, and 
symmetry forbidden if they are not of corresponding phase. 


For electrocyclic reactions we need to determine whether conrotatory or disrotatory ring 
opening or closure occurs. We determine this by inspection of the symmetry properties of 
the HOMO of the open-ring polyene that is either the reactant or the product of the reac- 
tion. The decision between conrotatory and disrotatory is made on the basis of the 
direction in which the terminal lobes of the polyene HOMO must rotate to generate a new 
o-bonding interaction between them. 


When applying molecular orbital theory to sigmatropic reactions, we find it convenient to 
view the transition state as an association between a migrating group and the remainder 
of the molecule (substrate). To decide whether a particular reaction is symmetry allowed, 
we determine whether the migrating group is able to bind simultaneously to both termini 
of the substrate portion in the ntransition state of the reaction. 


Terms to Remember 


concerted reaction conservation of orbital symmetry allowed 
pericyclic reactions symmetry disrotatory closure 
cycloaddition suprafacial microscopic reversibility 
electrocyclic reaction antarafacial sigmatropic reactions 


frontier molecular orbitals symmetry forbidden 


Problem 30.1 


Classify the following reactions as cycloadditions or electrocyclic reactions. 


a) 
+ 
О 
b) 
H 
100PC 
> 
H 
с) 
О 
= hv 
> 
О О о 


(answer) 


Problem 30.2 


a) Which д molecular orbitals of 1,3,5-hexatriene are symmetric and which are 
antisymmetric with regard to a plane bisecting the C3-C4 bond? 


b) Which are the frontier moleculer orbitals of a neutral, ground state molecule of 
1,3,5-hexatriene? 


с) Draw the molecular orbital representation for the HOMO and LUMO of 1,3,5,7- 
octatetraene. 


(answer) 


Problem 30.3 


Determine whether each of the following cycloaddition processes is thermally allowed. 


a) [74$ + 72a] 
b) [15 + ma] 
с) (168 + ms] 


d) [ms + 145] 


(answer) 


Problem 30.4 


Consider the symmetry-allowed or symmetry -forbidden status of the cycloaddition 
processes listed in Problem 30.3 under photochemical stimulation. 


(answer) 


Problem 30.5 


Draw the HOMO of the excited state of (Z, Z)- 1,3-cycloóctadiene and use it to confirm 
that the photochemically stimulated ring closure of Equation 30.6 is disrotatory. 


(answer) 


Problem 30.6 


Notice that the efficiency of Equation 30.5 (100% yield) is considerably greater than the 
efficiency of Equation 30.6 (41% yield). In fact, the first reaction has a larger driving 
force than does the second because the strain is greater in the first reactant (Equation 
30.5). What is the source of the strain in the reactant in Equation 30.5? 


(answer) 


Problem 30.7 


Which of the isomers shown below, А or B, would you expect to form (22. 42,62, 8 E)- 
2,4,6,8-decatetraene upon heating? Explain your answer. 


CH; cH, 


CH; 


A B 


(answer) 


Problem 30.8 


Compound C undergoes thermal ring opening of its cyclobutene ring much less readily 
than does compound D. Suggest a reason for this difference in the behavior of the two 
compounds. 


H 


(answer) 


Problem 30.9 


Tell which of the following electrocyclic closures are symmetry allowed under 
photochemical conditions. Explain each answer. 


a) 
1 1 
с С СІ 
КЫ азге 
> 
lS 
CI 
b) 
H 
> 
H 
с) 
Н 
p^ 
> 
H 


(answer) 


Problem 30.10 


Predict the product in each of the following electrocyclic ring-closure reactions. 


a) 
hv 
ым— <= 
b) 
( heat 
с) 
һу 
------- 
а) 
C) т 
О » 


(answer) 


Problem 30.11 


The reaction 


CI 


heat 


CI 


gives a major and a minor product through concerted ring-opening processes. What are 
these products? 


(answer) 


Problem 30.12 


Predict the product of each of the following electrocyclic ring-opening reactions. 


a) 
heat 
» 
b) 
C.H 
Ж drug heat 
» 
C,H; 
с) 
О 
һу 


(answer) 


Problem 30.13 


Consider suprafacial [1,5] sigmatropic reactions of the type: 


/ сн, сн, 
H 

— N H 

R R 


By viewing the transition state as an association of a hydrogen atom and a pentadienyl 
radical, predict if the reaction is symmetry allowed or symmetry forbidden under thermal 
and under photochemical conditions. 


(answer) 


Problem 30.14 


What product would you expect to form upon [3,3] sigmatropic reaction of the following 
compound? 


Н.С 
HO x 
HO p 
H,C 


The observed product exhibits an IR absorption at ~1715 спт'. Is this consistent with a 
[3.3] sigmatropic reaction having taken place? 


(answer) 


Problem 30.15 


Use the curved-arrow formalism to illustrate the second sigmatropic rearrangement of 
bullvalene in the diagram shown. 


(answer) 


Problem 30.16 


By writing out continuing sigmatropic rearrangements of bullvalene, verify that all of its 
carbon atoms eventually occupy equivalent positions. 


(answer) 


Problem 30.17 


Determine how the following concerted electrocyclic reactions can be symmetry allowed, 
under thermal or photochemical stimulation: 


a) [765 + Tos] 
b) [Tas + 74s] 
с) [185 + 128) 
d) (168 + 745] 
e) (168 + 75a] 
f) [лда + ms] 


(answer) 


Problem 30.18 


Predict if the following concerted reactions will require thermal or photochemical 
stimulation for accomplishment: 


a) 
Ф | 
b) 
< Ж 
— 
“Ж SM 
с) 
22 
H 
d) z 
—- 
H 
e) 
СН, + 
= © — и 
H,C—C, + 
CH, / 


(answer) 


Problem 30.19 

Predict the products of each of the following pericyclic reactions: 

a) (2E,4Z,6Z,8E0-2,4,6,8-decatetraene on heating to form a cyclic triene 

b) cis-5,6-dimethylcyclohexa-1,3-diene on heating to yield an open-chain triene 

с) QE,AE,)-2,4-hexadiene on irradiation with light to form a cyclobutene derivative 


d) cis-3-ethyl4-methylcyclobutene on heating to yield an open-chain diene 


(answer) 


Problem 30.20 


Bicyclo[2.1.0]pentane can be prepared by a photochemical ring-forming reaction. What 
compound would be used as the starting material for this reaction? In spite of its strained 
structure, bicyclo[2.1.0]pentane has a relatively high kinetic stability (half-life 2 2 hours 
at room temperature). Offer an explanation for this kinetic stability. 


(answer) 


Problem 30.21 
In contrast with most cyclobutenes, the compound shown below undergoes opening of 
the cyclobutene ring only under extreme thermal conditions (>380°C). Explain its kinetic 


stability. 


H 


H 


(answer) 


Problem 30.22 


Give the molecular orbital designation for each of the following reactions. For each, tell 
if thermal or photochemical stimulation would be required. 


a) 5 
/ 
UNS 
2 O > 
РУ 
// 
O 
b) 
C- 0 — AA 
\ 
O 
с) 
OO 
0 O 
d) 
C,H; С, Н5 


Problem 30.23 
Consider the allyl anion. In principle, would you expect it to be able to add a simple 
alkene or a conjugated diene in a concerted pericyclic reaction under thermal conditions? 


Explain your answer. 


(answer) 


Problem 30.24 


When compound U is heated, it undergoes partial isomerization to one of the species V- 
X. Tell which species is formed and explain what happens. 


CH,CH, Сен; CH,CH, Сн; 
2 “сн; 22 “сн,сн, 2 “сн; [7 `сн,сн, 
a CHS ~ „СН: с. „Сена СНз 

СН; СН; СН; C, H; 

U y т " 


(answer) 


Problem 30.25 


meso-3,4-Dimethyl-1,5-hexadiene undergoes rearrangement almost exclusively (299.5906) 
to cis,trans-2,6-octadiene at 225°C. What type of pericyclic reaction is this? Is the 
stereochemistry of this reaction consistent with a boat or a chair conformation for the 
transition state? 


(answer) 


Problem 30.26 


Which of the following undergoes symmetry-allowed thermally stimulated disrotatory 
cyclization to the indicated product? 


a) pentadienyl cation to the cyclopentenyl cation 
b) pentadienyl anion to the cyclopentenyl anion 


(answer) 


Problem 30.27 


Both of the conversions shown below produce an aromatic ring, but in the gas phase only 
one occurs easily via a concerted reaction. Which one occurs readily in the gas phase? 
Explain your answer. 


a) 
CH, CH; 


b) 


= 4% 


(an swer) 


Problem 30.28 


One of the following isomers undergoes ring opening of the cyclobutene ring at 90°C, 
while the other undergoes reaction only above 250'C. Which isomer is which? Explain 


your answer. 


(answer) 


Problem 30.29 


Suggest structures for compounds E and F in the following reaction scheme. 


7 


[1,5] hydrogen shift 


electrocyclic 
ring-opening 
260PC 


(answer) 


30.1-answer 
a) cycloaddition 
b) electrocyclic reaction 


с) electrocyclic reaction 


30.3-answer 


a) 
b) 
с) 


4) 


thermally forbidden 
thermally allowed 
thermally forbidden 


thermally forbidden 


30.4-answer 

a) photochemically allowed 
b) photochemically forbidden 
с) photochemically allowed 


d) photochemically allowed 


30.5-answer 


The HOMO of the (Z, Z)-1,3-cycloóctadiene is as shown below, leading to the ring 
closure indicated. 


30.6-answer 


There is a trans double bond within an eight-membered ring. 


30.7 -answer 


B The thermal electrocyclic ring opening process for this system is conrotatory. 


30.8-answer 


Since the ring opening would be conrotatory, the material C would produce a 
cyclopentadiene with a trans double bond within the ring. This is sterically most 
unfavorable, so the reaction does not occur by a concerted mechanism. When the ring 
does open, it proceeds in a stepwise manner, which is significant slower then the 
concerted opening of the tetramethyl cyclobutene (D) itself. 


30.9-answer 
a) disrotatory closure - allowed by photochemical stimulation 
b) conrotatory closure - allowed by photochemical stimulation 


с) conrotatory closure would be required - forbidden by photochemical stimulation 


30.10-answer 


a) 


b) 


с) 


4) 


30.11-answer 


The major product is (Е, E)-1,4-dichloro-1,3-butadiene and the minor product is (Z,Z)- 
1,4-dichloro-1,3-butadiene. 


30.12-answer 


a) 


b) 
Cs Hs 


Сн; 


с) 


30.13-answer 


heat 
= thermally allowed 


hv 
n ———- photochemically forbidden 


30.14-answer 


H,C 


— 


O 
O 


— 


H,C 


The reaction proceeds through the dienol structure, which undergoes hydrogen shift to 
provide the thermodynamically more favorable diketone, as shown. This is consistent 
with the observation in the IR spectrum for carbonyl absorption. 


30.15-answer 


30.16-answer 


1215 ЖС 


Start at structure A on the center left side, and follow the successive rearrangements іп а 
clockwise manner around the page. As additional carbon sites experience being in a 
cyclopropane ring site, they are indicated by a dot (*), until all have such experience after 
5 transformations. 


30.17-answer 


a) 
b) 
с) 
4) 


е) 


photochemicaly allowed 
photochemically allowed 
thermally allowed 
thermally allowed 
thermally allowed 


photochemically allowed 


30.18-answer 


a) 
b) 
с) 
4) 


е) 


photochemical 
thermal 
photochemical 
thermally 


thermally 


C SA 


30.20-answer 


Bicyclo[2.1.0]pentane can be prepared photochemically from 1,4-pentadiene. The 
product is kinetically stable since the thermal ring opening is symmetry forbidden. 


30.21-answer 


Conrotatory ring-opening, which is allowed thermally on a symmetry basis, would 
generate a trans double bond in a seven-membered ring. The thermal reaction occurs in a 
stepwise manner. 


30.22-answer 


a) 
b) 
с) 


4) 


[16s + ttes] photochemical 
(168 + 748] thermal 
[75s + 128] photochemical 


[3,3] sigmatropic thermal 


30.23-answer 


We would expect it to be able to add to an alkene. The reaction would be described as a 
[748 + 75s] cycloaddition. 


30.24-answer 


Compound V is formed. The reaction proceeds via conrotatory electrocyclic ring-closure, 
followed by conrotatory electrocyclic ring-opening. 


30.25-answer 


This is a [3,3] sigmatropic rearrangement proceeding through a chair conformation 
activated complex. 


30.26-answer 
a) No - thermal reaction proceeds in a conrotatory manner. 


b) Yes. 


30.27-answer 
a) No - the [1,7] suprafacial sigmatropic rearrangement is thermally forbidden. 


b) Yes - the [1,9] suprafacial sigmatropic rearrangement is thermally allowed. 


30.28-answer 


The trans compound undergoes thermal ring opening at 90'C. The cis isomer would 
produce a trans-cyclohexene product by symmetry allowed conrotatory opening. The 
strain associated with that product prevents concerted reaction from occurring. 


30.29-answer 


